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TRANSACTIONS 


THE AMERICAN SOCIETY OF 
MECHANICAL ENGINEERS 


VOLUME 45— 1923 


Pee activities of the Society for 1923 are recorded in Volume 45. 
In this volume will be found papers and discussions presented 
at the Spring Meeting held at Montreal and at the Annual Meeting 
held in New York. In addition are other papers which the Com- 
mittee has deemed of sufficient interest to include in Transactions. 
In selecting material for Transactions the Committee is guided 
by the principle of choosing material of permanent and technical 
value. For this reason many discussions are condensed and some 
papers and addresses of less technical interest are given in abstract 
form. In such cases more complete forms of the papers may be 
found in MrecuanicaL ENGINEERING. 

Attention is particularly called to the fact that all papers pre- 
sented before general meetings of the Society are mentioned in the 
index to Transactions. Where the papers have not been printed 
in this volume of Transactions reference is made to the issue of 
MECHANICAL ENGINEERING in which they appeared. The papers 
presented before Local Sections that were published in MEcHAN- 
ICAL ENGINEERING, as well as other important contributions to 
it, may be found by reference to the index in this volume. 

The Transactions also contains a statement of the reports of 
technical committees and codes published during the year, and 
the index tells where they may be found in printed form. 


JOHN LYLE HARRINGTON 


John Lyle Harrington was born in Lawrence, Kansas, December 
7, 1868. He was educated in the schools of Lawrence and at the 
University of Kansas, from which he was graduated in 1895 with 
the degrees of Bachelor of Arts, Bachelor of Science, and the 
graduate degree of Civil Engineer, receiving the highest honors 
of his class (commencement appointment and election to Sigma 
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Xi). Later he received the degree of Master of Science from 
McGill University, Montreal. 

His summer vacations prior to graduation and niné months 
after graduation were spent with J. A. L. Waddell, Consulting 
Engineer, Kansas City, Mo. He then served successively in the 
engineering departments of the Elmira Bridge Co., Elmira, N. Y., 
the Pencoyd Iron Works, Philadelphia, and the Keystone Bridge 
Works of the Carnegie Steel Company at Pittsburgh, until January, 
1898. Following that date he designed and organized the operation 
of the structural shops of the Cambria Steel Company at Johns- 
town, Pa., and served successively as assistant chief engineer of 
the Bucyrus Company, South Milwaukee, Wis.; assistant chief 
engineer of the Northwestern [Elevated Railway Company of 
Chicago, in charge of detailing, fabrication, and inspection in 
the shops; designer for the Berlin Iron Bridge Company, East 
Berlin, Conn., and assistant engineer of bridges and buildings of 
the Baltimore & Ohio Railway. 

From 1901 to 1905 Mr. Harrington was executive engineer of 
the C. W. Hunt Company, hoisting and conveying machinery 
builders of New York; 1905 to 1906, chief engineer and manager 
of the Locomotive and Machine Company of Montreal, a sub- 
sidiary of the American Locomotive Company; 1907 to 1914, 
inclusive, partner in the firm of Waddell and Harrington, Con- 
sulting Engineers, Kansas City, Mo., engaged chiefly upon the 
design of important bridges, and making a specialty of movable 
spans on which he has taken out, in his firm’s name or in his own, 
a number of important patents; 1915 to date, senior partner in 
the firm of Harrington, Howard and Ash, Consulting Engineers, 
Kansas City, Mo., designing important bridges, also heavy drainage 
work and similar lines of construction. During the fifteen years 
prior to 1924 he was responsible for the design and construction 
of approximately one hundred million dollars’ worth of heavy 
bridge work, including about one hundred movable spans. 

Mr. Harrington became a member of the Society in 1903 and 
served as its Vice-President in 1921-1922 and President in 1922- 
1923. He is also a member of the American Society of Civil En- 
gineers, the Institution of Civil Engineers, London, the Engineering 
Institute of Canada, the American Railway Engineering Associa- 
tion, the American Society for Testing Materials, the honorary 
societies Sigma Xi and Tau Beta Pi (Past-President), the Engi- 
neers’ Club of Kansas City (Past-President), the University Club 
of Kansas City, and other clubs. 
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THE SPRING MEETING 
Montreal, Canada, May 28 to 31 


THE hearty codperation of the Engineering Institute of Canada 
in the 1923 Spring meeting of The American Society of Mechan- 
ical Engineers was a splendid exemplification of the internation- 
ality of engineering interests. Out of a total registration of 631 at 
the meeting, which was held in Montreal, with headquarters at 
the Mount Royal Hotel, 149 were members of the Engineering 
Institute of Canada. Seven of the seventeen papers presented 
were contributed by Canadian engineers, and Canadian hospitality 
was evidenced on all occasions. ; 

Nine past-presidents attended the Council! Meeting on the open- 
ing morning of the meeting, at which all but four of its members 
were present. 

A conference of Local Sections’ Delegates was also held Monday 
morning. At the Business Meeting Monday afternoon Walter J. 
Francis, president of the Engineering Institute of Canada, extended 
a greeting on behalf of the engineers of Canada, to which President 
Harrington responded. The selection of Cleveland as the place 
for the 1924 Spring Meeting was ratified, and John Price Jackson 
spoke eoncerning the proposed Sesquicentennial Exposition in 
Philadelphia in 1926. Secretary Calvin W. Rice then presented 
his travelogue on South America. 

The Code on Internal-Combustion Hngines and the first two 
chapters of the Code on Instruments and Apparatus were presented 
and discussed at a Public Hearing on Monday afternoon; the 
Proposed Rules for the Care of Power Boilers, and the Proposed 
Rules for Inspection of Materials for Boilers on Tuesday and 
Wednesday afternoons, respectively; and the report of the Re- 
search Sub-Committee on Fluid Meters at an open meeting on 
Thursday afternoon. The regular May Meeting of the A.S.M.E. 
Boiler Code Committee was held on Thursday also, and was at- 
tended not only by a large number of the members, but also by 
inspectors from the Canadian provinces and boiler manufacturers 
and {engineers from various points who are interested in the 
Committee’s activities. 

The technical program opened Tuesday morning with simulta- 
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neous sessions on Power, Management, and Railroads. A second 
session on Power, and sessions on Port Development and Textiles, 
occurred on Wednesday morning, and on Thursday morning Fuels, 
Machine-Shop Practice, and General Sessions were held. 

The social events of the meeting included an informal bridge for 
the ladies and a smoking concert for the men on Tuesday evening, 
and a dinner dance Wednesday evening. On Monday evening 
the A.S.M.E. Council was entertained at dinner by the Council 
of the Engineering Institute of Canada. 

Large groups visited the industrial plants that were thrown open 
for inspection during the meeting. The Canadian Pacific Railway 
conveyed about a hundred to their Angus Shops on Tuesday after- 
noon, where locomotives and freight and passenger cars are manu- 
factured. The same afternoon another large group journeyed to 
the Cedars Rapids Plant of the Montreal Light, Heat and Power 
Company. 

On Wednesday the main body of members visited the port of 
Montreal. The ladies were taken about in the Harbor Commis- 
sioner’s boat and the other members of the party inspected the 
grain elevators, cold-storage warehouses, and other port facilities. 
On the same afternoon the various Montreal breweries were 
visited. 

Over 100 availed themselves of the opportunity offered Thursday 
afternoon to visit the Dominion Engineering Works, where a num- 
ber of large hydraulic turbines and large paper machines were under 
construction. A turbine-runner casting was poured in the foundry 
during the inspection. Following the inspection, the special train 
furnished by the courtesy of the Canadian National Railways took 
the party to the Lachine Wharf where the steamer Empress was 
boarded for a trip through the Lachine Rapids back to the city. 

Also on Thursday afternoon a group of about 50 visited McGill 
University, saw a demonstration of the oscilloscope, and were 
then conducted through the historic halls. On Thursday night 
about 50 members of the Society boarded two special cars which 
conveyed them to the St. Maurice Valley. At Grand Mere the 
party inspected the large paper mill of the Laurentide Company, 
and at Shawinigan Falls visited the Canada Carbide Company’s 
plant and the hydroelectric plant of the Shawinigan Water and 
Power Company. 

Many of the 119 ladies registered at the meeting participated in 
the excursions. Other groups visited the famous fur stores of 
Montreal and scenic and historical points. 

The local executive committee consisted of H. H. Vaughan, 
Chairman; Major J. A. Duchastel, Vice-Chairman; Fraser S. 
Keith, Secretary; and Fred B. Brown, John T. Farmer, George R. 
MacLeod, and Major C. M. McKergow. The chairmen of the 
sub- committees were H. H. Vaughan, Finance; Fred B. Brown, En- 
tertainment; Major C. M. McKergow, Hotels and Information; 
Major J. A. Duchastel, Excursions (with H. 0. Keay and R. Ww 
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Angus on Local Excursions); John T. Farmer, Technical and 
Professional; J. H. Hunter, Reception; Fraser S. Keith, Printing 
and Publicity; and Mrs. Fred B. Brown, Ladies’. 


PROGRAM 
Monday Morning, May 28 


Opening of Headquarters and Registration Bureau. 
Council Meeting. 
Conference of Local Sections’ Delegates. 


Monday Afternoon 
BUSINESS MEETING 


Business from the Council; business from the membership; report from 
American Engineering Council by President Harrington; address on Plan 
and Scope of Sesquicentennial Celebration in Philadelphia, John Price 
Jackson. 


TRAVELOGUE ON SouTH America, Calvin W. Rice. 
PUBLIC HEARING 
Pownr Trest CopE ror INSTRUMENTS AND APPARATUS, Chapters 1 and 2, 
Power Trest CopE ror INTERNAL-COMBUSTION ENGINES. 
Monday Evening 


JoINT DINNER, Council of Engineering Institute of Canada and Council 
of A.S.M.E. 


Tuesday Morning, May 29 
SIMULTANEOUS SESSIONS 


POWER (1) 


Power DEVELOPMENT IN THE PROVINCE OF QUEBEC, Julian C. Smith. 
THE DEVELOPMENT OF HypDROELECTRIC PowrR PLANTS IN ONTARIO, 
Frederitk A. Gaby. 


MANAGEMENT 


MANAGEMENT ENGINEERING IN THE PapER INDUSTRY, R. B. Wolf.! 
A Practicat LABORATORY AND DrawinG-Room Course IN INDUSTRIAL 
ENGINEERING AT CoRNELL University, Myron A. Lee.? 


RAILROAD 


Srret-Car ConsTRUCTION AT THE ANGUS SHOPS OF THE CANADIAN 
Paciric Rattway, H. R. Naylor. 
Recent DEVELOPMENTS OF THE Moror Coacu, C. EK. Brooks.? 


Tuesday Afternoon 


Pusiic Heartna: Proposed Rules for the Care of Steam Boilers in 
Service. i 


1 Published in MecHanicaL ENGINEERING, May, 1923. 
2 Published in MecHanicaL HNGINEERING, August, 1923. 
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Tuesday Evening 


InroRMAL BripGE Parry FoR LADIES. 
SMOKING CONCERT. 


Wednesday Morning, May 30 


SIMULTANEOUS SESSIONS 
POWER (2) 


Moprern HypravuLic TurBINES OF LARGE Capacity, H. G. Acres. 
SECTIONALIZATION AND REMOTE CONTROL OF HIGH-PRESSURE STEAM 
Lines, Peter Payne Dean.! 


PORT DEVELOPMENT 


Tur Port or Monrreat, Frederick W. Cowie.? 
MaTrerIaL-HANDLING PROBLEMS IN PieR DesiGNn, Carroll R. Thompson.? 
Report OF COMMITTER ON FORMULA. 


TEXTILES 


BLEACHERY ENGINEERING AND OPERATION, F. P. Bascom and 
J. C. McDowell. 


Wednesday Evening 
DINNER DANCE. 


Thursday Morning, May 31 
SIMULTANEOUS SESSIONS 


FUELS 


DETERMINATION OF CHIMNEY S1zEs, Alfred Cotton.? 
Lienite CxHar: Its PropucTion AND Possipiuitizs, O. P. Hood. 


MACHINE-SHOP PRACTICE 


Recent DEVELOPMENTS IN BALANCING Macurings, C. R. Soderberg. 
Symposium oN Macutnn-Toou AND Paper INDUSTRY: 
Introduction by G. E. Williamson. 
SHop PROBLEMS IN Pappr-Macuinn Manuractrurine, E. T. Spidy. 
GENERAL REQUIREMENTS OF MACHINE TOOLS FOR PAPER MACHINERY 
MANUFACTURE, Geo. 8. Barton. 
GENERAL REQUIREMENTS OF MacHINE Toots ror Pune AND PAPER 
Macuinery Manuracture, H. L. Kutter. 
Puant Equipment Necrssary FOR PRopuctInc Parpr-WoRKING Ma- 
CHINERY, Jas. A. Cameron. 
Macuine-Toou REQUIREMENTS OF PULP AND Parer Mitts, E. B. Wardle. 
Pup AnD Paper Mitt Reparr SuHop, Edw. Hutchins. 


GENERAL 
Tue ContTrou or Crvin Aviation, J. A. Wilson.? 
1 Published in Mrcuanican ENGINEERING, August, 1923. 


2 Published in Mucuanican ENGINEERING, September, 1923. 
8 Published in MrcHANICAL ENGINEERING, October, 1923. 
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ENDURANCE Test Dara anp Tuetr InTeRPRETATION, K. Heindlhofer 
and H. Sjovall. 

BENDING Srresses IN Curvep TuBEs oF REecTANGULAR CROSS- 
Section, S. Timoshenko. 


THE ANNUAL MEETING 
New York, N. Y., December 3 to 6 


As diversified in interest as its predecessors but less crowded, 
the program of the Forty-Fourth Annual Meeting was the most 
satisfactory of any in recent years. The technical sessions, eight- 
een in number, dealt largely with the principles of mechanical 
engineering as applied to the problems of industry, and the 
excursions and the Second National Exposition of Power and 
Mechanical Engineering, which paralleled the meeting, offered 
opportunities to see the actual application of some of the principles. 

The registration at the meeting was 1852. As usual, the first 
day was devoted to meetings of the Council and Local Sections’ 
delegates. In addition to the transaction of routine business the 
Council passed a resolution in favor of the reduction of taxes on 
earned incomes, endorsing the recommendations of Secretary Mel- 
lon and urging upon Congress the amendment to the Internal 
Revenue Act proposed by him. Chief among the Society problems 
which came up for consideration was the advisability of increasing 
membership dues. The Policy Report and financial problems were 
discussed from all angles and on Tuesday afternoon, at the Busi- 
ness Meeting, it was voted to refer the matter to the members by 
letter ballot. 

The following awards were made at the Business Meeting: Life 
Membership to Prof. John Airey, Ann Arbor, Mich.; Junior Prize 
to S. 8, Sanford, Detroit, Mich.; and Student Prizes to Charles F. 
Olmstead, Minneapolis, Minn., and H. E. Doolittle, San Diego, 
Cal. The following standards were read by title: Standards for 
Transmission Chains and Sprockets, including those on Revised 
Sprocket Tooth Form, Space and Straddle Cutters for Sprocket 
Teeth, and Roller-Chain Nomenclature; and Standards for Screw 
Threads for Bolts, Machine Screws, Commercial Tapped Holes, etc. 

Following the presidential address of John Lyle Harrington 
on Monday evening, the 1922 Society Medal was presented to 
Frederick A. Halsey for his invention of the premium system of 
wage payments and the great improvement resulting therefrom in 
the relations between employers and workmen. The 1923 Medal 
was awarded to Past-President John R. Freeman for his eminent 
service to engineering and manufacturing by his meritorious work 
in fire prevention and the preservation of property. 

The new officers, whose election was announced following the 
presidential address on Monday evening, were installed at the first 


8 SOCIETY AFFAIRS 


‘meeting of the new Council on Friday morning. They were Pres- 
ident Fred R. Low; Vice-Presidents George I. Rockwood, W. 
J. Sando, and H. Birchard Taylor; Managers E. O. Eastwood, 
E. R. Fish, and Frank A. Scott; and Treasurer William H. Wiley. 
-The new Council approved the holding of a Regional Meeting in 
Colorado in May or June, 1924, and transacted other routine 
business. 

Two of the technical sessions were held in coéperation with other 
societies: one on Tuesday morning with the American Society of 
Refrigerating Engineers, and one on Wednesday evening with the 
American Society of Civil Engineers and the American Institute 
of Electrical Engineers. John R. Freeman, Past-President of both 
the A.S.C.E. and the A.S.M.E., was the chief speaker at the latter, 
which was devoted to the subject of hydroelectric development. 

One of the best-attended sessions was that on steam power, held 

on Thursday under the auspices of the Power Division. Over 700 
were in attendance during the morning, when six valuable papers 
were presented, and a large number remained through the afternoon 
to participate in the discussion. 
- Other sessions under the auspices of the professional divisions 
of the Society dealt with textiles, coal storage, railroads, ordnance, 
forest products, machine-shop practice, aeronautics, management, 
oil engines, and water measurement. 

One general session was held, and two public hearings on codes. 
The first of these was on Part II of the Report of the Special 
Committee on Fluid Meters, and the second on the Power Test 
Codes for Stationary Steam-Generating Units and for Locomotives. 
A conference on education and training for the industries was also 
held, at which there was a discussion of education of non-college 
grade for the industries, and an important session on steam-table 
research. Many committee meetings and conferences took place 
during the week. The Student Branch session on Wednesday was 
attended by representatives of twenty-eight branches. 

In addition to the annual reception on Monday evening the social 
program included a smoker and dinner for the men and a benefit 
card party for the ladies on Tuesday; a ladies’ reception and tea 
on Wednesday afternoon; and the annual dinner dance on Thurs- 
day evening. The proceeds of the card party were contributed to 
the Scholarship Fund of the Women’s Auxiliary. Three members, 
Messrs. Odell, Lyne, and Grimshaw, who were present at the or- 
ganization meeting of the Society in 1880, attended the smoker, 
at which the total attendance was 520. The alumni of various 
technical colleges held reunions Friday evening following the 
meeting. 

The program for the ladies included trips to the new store of 
A. A. Vantine & Co.; the plant of the Ward Baking Company on 
Hast 143d St.; the Kirkman Soap Factory, Brooklyn; the U.S. S. 
Colorado; Good Housekeeping Institute and the Studio of Fur- 
nishings and Decorations; the Colgate & Co. plant at Jersey City; 
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galleries of Senator William A. Clark; Aeolian Hall; and Broad- 
casting Station WJZ. A business meeting of the Women’s Auxiliary 
was held Thursday afternoon. 

Technical excursions were made by members to the American 
Machine & Foundry Co., Brooklyn; Wright Aeronautical Cor- 
poration, Paterson, N.J.; the factory of the E. W. Bliss Company, 
Brooklyn, which specializes in pressed-metal machinery, automatic 
can machinery, dies, special machinery for stampings, drop forg- 
ings, etc.; the working model of the moving rapid-transit platform 
proposed for 42d St. subway traffic; the Star Automobile Factory 
of the Durant Motor Company at North Elizabeth, N. J.; and 
the Tidewater Oil Co. refining plant at Bayonne, N. J. 


PROGRAM 
Monday Morning and Afternoon, December 3 


Council Meeting. 
Conference of Local Sections’ Delegates. 


Monday Evening 


PRESIDENTIAL ADDRESS, John Lyle Harrington. 
Presentation of A.S.M.E. Medals. 

Report of Tellers of Election of Officers. 
Introduction of President-Elect Low. 
Reception. 


Tuesday Morning, December 4 
SIMULTANEOUS SESSIONS 


JOINT SESSION WITH AMERICAN SOCIETY OF REFRIGERATING 
ENGINEERS ~ 


Heat TRANSFER FOR WATER FLowInG Insipp Piprs, W. H. McAdams 
and T. H. Frost. 

Tur Economical THICKNESS OF INSULATION IN REFRIGERATOR CARS, 
Arthur J. Wood and Philip X. Rice. 


TEXTILES 


ORGANIZATION AND CONSTRUCTION OF WOOLEN Mitts, A. W. Benoit. 
A Sream-Loss PREVENTION PLAN OPERATING IN A TEXTILE-FINISHING 
Puant, H. M. Burke. 
FLUID METERS 


Open Meeting for discussion of Part II of the Report of the Special 
Committee on Fluid Meters. 
GENERAL 


Tarn BENDING AND ToRSION OF MuttiI-THROW CRANKSHAFTS ON Many 
Suprorts, S. Timoshenko. 

A GRAPHICAL Stupy or JouRNAL LusRication, H. A. 8. Howarth. 

Srress DISTRIBUTION IN RoraTina GHAR PINIONS AS DETERMINED BY 
THE PHororLastTic METHOD, Paul Heymans and A. L. Kimball, Jr.? 


1 Published in MrcuanicaL ENGINEERING, April, 1924. 
2 Published in MucuanicaL ENGINEERING, March, 1924. 


10 SOCIETY AFFAIRS 


Tuesday Afternoon 
BUSINESS MEETING 


Annual Report of Council; election of Regular Nominating Committee 
for 1924; presentation of Constitutional Amendment on increase in dues; 
presentation of awards; reading of standards by title. 


PUBLIC HEARING 


Power Test Copr ror STATIONARY STEAM-GHNERATING UNITS. 
Power Test Cope ror LOCOMOTIVES. 


Tuesday Evening 
SMOKER, AND DINNER. 
Lapiss’ Benerrir Carp PARTY. 


Wednesday Morning, December 5 
SIMULTANEOUS SESSIONS 
COAL STORAGE 


FacCToRS IN THE SPONTANEOUS COMBUSTION OF Coat, O. P. Hood.! 
Economic Puases OF Coat StoraGs#, F. G. Tryon and W. F. McKenney.” 
Coau-StoraGE Systems, H. E. Birch and H. V. Coes.3 


RAILROAD 


Mopern Supway Cars AND THEIR OPERATION, Selby Haar.‘ 


ORDNANCE 


New INSTRUMENTS FoR PuysicAL MEASUREMENTS, W. H. Tschappat.! 
Somer PropucTION PROBLEMS IN THE WAR DEPARTMENT'S PREPAREDNESS 
Program, H. W. Churchill.® 


FOREST PRODUCTS 


REFORESTATION AND TIMBER CONSERVATION, John W. Blodgett.? 


Wednesday Afternoon 
SIMULTANEOUS SESSIONS 
STEAM TABLE RESEARCH 


Report OF EXECUTIVE COMMITTEE, STEAM TABLE FunNp, Geo. A. Orrok.2 
SUMMATION OF RESEARCH ReEsuLtTs, Harvey N. Davis.” 
ResparcH Progress Reports, F. G. Keyes and R. Kleinschmidt.2 


A Catortmerric Mrrsop or SuRVEYING THE BEHAVIOR OF STHAM, 
N.S. Osborne.? 


EDUCATION AND TRAINING FOR THE INDUSTRIES 


INTRODUCTORY STATEMENT, Dr. Ira N. Hollis. 
InpDusTRIAL EpucatTion Asproapb, R. D. Sackett. 


CONFERENCE OF STuDENT BRANCHES. 
Lapins’ TEA AND RECEPTION. 


1 Published in MrcuantcaL ENGINEERING, December, 1923. 
* Published in MecuanicaL ENGINEERING, February, 1924. 
’ Published in Mecuantcan ENGINEPRING, April, 1924. 

4 Published in Mrcuanican ENGINEERING, November, 1923. 
5 Published in Mrcuanican ENGINEERING, May, 1924. 
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Wednesday Evening 
HYDROELECTRIC SESSION 


Tue Princretes UNDERLYING HypRoELEcTRIC DevELopMeEnt, John R. 
Freeman. 

Tue Stupy or Hyproevecrric Possrsivities, John P. Hogan. 

WateR-Power Costs Versus Stram-Powrr Costs, Geo. A. Orrok. 

Tue INTERCONNECTION or PowrrR Systems, Harold W. Buck. 


Thursday Morning, December 6 
SIMULTANEOUS SESSIONS 
STEAM POWER 


BoriLter-PLant Economics, N. E. Funk and F. C. Ralston. 

BoriLer-Trest RESULTS WITH PREHEATED ArR, CoLrax Sration, Dvu- 
QUESNE Licut Company, C. W. E. Clarke. 

Tue Marcins oF PossisL—E IMPROVEMENT IN THE CENTRAL-STATION 
Stream Puant, Ernest L. Robinson. 

Economy CHARACTERISTICS OF STAGE FEEDWATER HeEaTING BY Ex- 
TRACTION, E. H. Brown and M. K. Drewry. 

REHEATING IN CENTRAL Stations, W. J. Wohlenberg. 

HicH PressurrE, REHEATING, AND REGENERATING FOR STEAM POWER 
Puants, C. F. Hirshfeld and F. O. Ellenwood. 


MACHINE-SHOP PRACTICE 


PressED-MrtTaL ENGINEERING: SOME PRINCIPLES AND EXAMPLES, 
Douglas P. Cook.! 

THE DEVELOPMENT OF MODERN STAMPING Practicr, W. W. Galbreath 
and John R. Winter.? 

ProGress REPORT ON THE PRESENT STATUS AND FuTURE PROBLEMS 
OF THE ART OF CuTTING METALS. 


AERONAUTICS 


RESISTANCE OF VARIOUS ALUMINUM ALLOYS TO SALT-WATER CORROSION, 
D. Basch and M. F. Sayre. 

RECENT OBSERVATIONS REGARDING THE CORROSION, CLEANSING, AND 
PROTECTION OF ALUMINUM, Henry A. Gardner.* 

Tue COMMERCIAL POSSIBILITIES OF THE AIRPLANE, Archibald Black and 
D. R. Black.! 

Nigut-FLyIng EQUIPMENT AND OprRATION, H. R. Harris and D. L. 
Bruner. 


Thursday Afternoon 


SIMULTANEOUS SESSIONS 
MANAGEMENT 


Tue MrcHANICAL ENGINEERING OF MANAGEMENT IN THE MBTAL- 
WorkKING TRADES, Robert T. Kent.4 

Ture MeErcHANICAL ENGINEER IN THE MANAGEMENT OF WOODWORKING 
Inpustries, W. D. Churchill.’ 


1 Published in MrcuHanicaAL ENGINEERING, March, 1924. 

2 Published in MrecuanicaL ENGINEERING, January, 1924. 
3 Published in MrcuaNnicaAL ENGINEERING, April, 1924. 

4 Published in MrcuanicaL ENGINEERING, May, 1924, 

5 Published in MrcuHanicaL ENGINEERING, December, 1923. 
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Tur Revation oF MEcHANICAL ENGINEERING TO MANAGEMENT IN 
THE TEXTILE INpustry, E. H. McKitterick.} 
OIL-ENGINE 
Tue Souip-Insection Oi, Encine, H. F. Shepherd. 
Tur Economic Status oF THE Digsen Enaine, L. H. Morrison 
WATER MEASUREMENT 


FLow oF WATER IN SHORT PirEs, O. W. Boston. 

Tue Sait Vetociry Mretuop or WATER MB&ASUREMENT, Charles M. 
Allen and Edwin A. Taylor. 

THe Gipson METHOD AND APPARATUS FOR MEASURING THE FLOW OF 
WATER IN CLosED Conpuits, Norman R. Gibson. 


Business MEETING, WOMEN’S AUXILIARY. 


Thursday Evening 3 
DINNER DANCE. 


1 Published in MrcuanicaL ENGINEERING, June, 1924. 
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HYDROELECTRIC POSSIBILITIES OF 
QUEBEC! 


By Juuian C. Smits,? Montrean, CANADA 
Non-Member 


The three watersheds of the province of Quebec have an available water- 
power of 5,250,000 kw. of continuous power, of which at present about 
800,000 kw. have been developed and utilized, leaving available as com- 
mercial power about 4,500,000 kw. of continuous power, or 12,000,000 
hp. at 50 per cent load factor. The load factor of the industries of the 
province range about as follows: paper mills, 65 to 75 per cent; carbide 
and electrochemical plants, 85 to 90 per cent; cement mills, 80 to 90 per 
cent; asbestos and mining industries, 45 per cent. At the present rate of 
increase in the use of electric power, the total available hydroelectric power 
in the province will be completely utilized within thirty years. 


fy PROVINCE of Quebec comprises that vast stretch of 
territory lying east of the Ottawa River and north of the 
United States boundary line, bounded on the north by Hudson 
Strait, on the west by Hudson Bay, and on the east by Labra- 
dor. It is 2000 miles in width from north to south and 1350 
miles from east to west, having an area of 706,804 square miles, 
or almost 25 per cent of that of the United States. The northern 
section is for the most part uninhabited, but the southwestern 
portion lying along the lower part of the Ottawa and St. Lawrence 
Rivers, and extending south to the American border and east to 
the Saguenay River, is an important and rapidly growing industrial 
section. 

2 The climate of Quebec is quite similar to that of northern 
New England. The winters are severe, and snow covers the 
ground from the middle of November to the end of March. The 
summers are warm and pleasant, and the precipitation, which is 
fairly evenly distributed over all seasons, averages about forty 
inches per year. 


1 For discussion, see p. 36. ; 
2 Vice-President and General Manager, Shawinigan Water and Power Co. 


Presented at the Spring Meeting, Montreal, Canada, May 28 to 31, 1923, 
of Tup AMERICAN Socipty oF Mecuanicat ENGINEERS. Slightly abridged. 
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Tur WATERSHEDS OF THE PROVINCE 


3 Topographically the country north of the St. Lawrence River 
is divided into three great watersheds. On the south side of the 
river there are no large water powers, as the watershed is com- 
paratively narrow and, although well watered, is traversed by only 
a few rivers of any magnitude. 

4 The three great watersheds lying to the north of the St. 
Lawrence River are the south watershed, draining into the St. 
Lawrence River; the north watershed, into the James and Hudson 
Bays; and the east watershed, through Labrador into the Atlantic 
Ocean. Of these the south watershed, through which flow the 
tributaries of the St. Lawrence from the Ottawa to the Notashkwan, 
is the most important. The height of land dividing the north and 
south watersheds lies some 200 miles north of the St. Lawrence 
and runs roughly parallel to it. On either side of this height of 
land there is a vast plateau, with a mean elevation of from 1200 
to 2000 ft., which begins at the Ottawa with a width of some 150 
miles and spreads out like a fan toward Labrador, where it attains 
a width of 500 miles or more. The southern edges of this plateau 
are for the most part near the St. Lawrence, so that the rivers 
which traverse it make their sharpest descent to sea level not far 
distant from the main river, and as a consequence much of the 
water power of this watershed is within easy reach of the industrial 
section of the province. 

5 The north watershed is drained by many large streams 
flowing into James Bay, and when the development of the country 
has progressed far enough to permit their water powers to be 
utilized, enormous amounts of power will become available on the 
Nottaway, Rupert, East Main, and Kaniapiskau Rivers. With 
regard to this northern watershed, although the area is large the 
precipitation is largely unknown, and the run-off also is largely a 
matter of speculation. 

6 The east watershed is drained principally by the Hamilton 
River, on which is situated a water power estimated at 700,000 
hp. at Great Falls, some 350 miles from the mouth of the river 
and 200 miles north of the St. Lawrence River at the west end of 
Anticosti Island. 


PotentTiaL WaTER POWER OF THE PROVINCE OF QUEBEC 


7 The ultimate source of the water power of any country is the 
precipitation, and the total potential water power produced thereby 
may be estimated by calculating the potential energy of this pre- 
cipitation in its descent from the highlands to the sea. 

8 To calculate the total potential water power of the province 
of Quebec we may superimpose a map of the precipitation upon 
a topographical map of the province and then divide the province 
into areas having the same average elevation and approximately 
the same precipitation. An estimate of the potential energy due 


15 


SMITH 


JULIAN C. 


SUMAIY GNV SGHHSYTLVAA ONIMOHY ‘OUdANY GO dv 


Dre iui 4nooiys 
USBes 
= 


EF —— 


SUDA B21Y Sf 


Sr 


AV 
NOSdAH 


16 HYDROELECTRIC POSSIBILITIES OF QUEBEC 


to precipitation can then easily be made. The precipitation in 
inches per year at different points of the province is as follows: 


Montreal Senin cane eee 40 Shawinigan.............. 37.61 
Quebeo sates cecntiscmar 40.5 Chicoutimine .at.o see: 30 
Brome.tt ceteris ee claws! 34.3 Anticosti Island.......... 36 
HatheraP ointiew sa:.iyasit stars 33.58 


9 The total area of the province is, as stated above, roughly 
700,000 square miles, of which for the present purpose we may 
neglect the triangular area cut off by a line drawn from the northern 
tip of Labrador to the southern end of James Bay, containing 
some 200,000 square miles of snow-covered land, leaving a net area 
of 500,000 square miles. This area of 500,000 square miles may 
be divided into four plateaus of different elevations and slightly 
different rainfall, as follows: 


Average 


aeoagaate Average Area in Equivalent 

recipitation elevation square continuous 
Deroy CAL in feet miles power in kw. 

in inches 

40 1700 170,000 71,400,000 

40 1000 220,000 92,400,000 

35 500 100,000 18,350,000 

40 300 10,000 1,260,000 

500,000 183,410,000 


10 It is of course obvious that this amount of power is not 
available because no water would be left for vegetation, and even 
were all hydroelectric developments carried out, no allowances 
have been made for losses due to seepage and evaporation. 

11 If we average the figures for the various stations throughout 
the province, we arrive at an estimated run-off for the whole 
province of 18 in. per year. Substituting this figure for the total 
precipitation, we obtain a total of 88.7 million kilowatts of con- 
tinuous power, and allowing an efficiency of conversion of 60 per 
cent from the stream to the distribution center, there remains 53 
million kilowatts of continuous power as the maximum possible 
hydroelectric power which could be produced if during all seasons 
every drop of water which ran off the 500,000 square miles of 
territory considered were converted into hydroelectric power. This 
is of course an impossible condition, as there would be no flowing 
streams in the country, but only lakes and canals connected by 
penstocks discharging through turbines into those of lower levels. 

12 In estimating the amount of power which is actually avail- 
able we must obviously neglect the energy in the water falling on 
the upper plateau, which is lost in the first part of its descent from 
these highlands. While it is impossible to state accurately the 
percentage of energy loss before the gathering together of the 
waters takes place, it may be conservatively estimated at 50 per 
cent on an average over the many steep and shallow valleys that 
go to make up the different drainage basins. 

13. We must also subtract from the total of available energy 
all the energy consumed by friction of the banks and beds of the 
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rivers and streams, which is sufficient to use up about one-half 
foot of head per mile on the average; and in addition we must 
consider as non-available all the energy contained in those portions 
of the rivers and streams and brooks where the fall is hardly greater 
than that necessary to produce the required flow of water through 
the channel. s 

14 As continuity of supply is an essential condition to all power 
service, due allowance must be made for the fact that while the 
precipitation is more or less equally distributed during the year, 
the run-off from the precipitation is most unequally divided among 
the different seasons. During the spring thaw the melting and run- 
ning away of the accumulated winter snowfall produces flood con- 
ditions on all rivers and streams, raising the flow to as much as 
20 to 100 times the minimum. The necessary waste of the greater 
part of the water reduces still further the quantity of energy which 
may be considered as available for industrial uses, even under 
ultimate conditions of development. 

15 Combining the sources of lost energy enumerated we may 
assume that not more than 25 per cent of the 53 millions of kilo- 
watts of energy contained in the total run-off could be converted 
into electric energy, and therefore that the actual potential energy 
of the province of Quebec is approximately i3 to 15 millions of 
continuous kilowatts. 

16 In the present state of the art of the development and dis- 
tribution of hydroelectric power, only those sites near industrial 
centers and at which water power exists in considerable quanti- 
ties are capable of being developed. The theoretical available 
quantity of 15 to 18 million kilowatts of continuous power must 
therefore be very considerably reduced in estimating the quantity 
of power that is actually adaptable to industrial purposes. From 
recent surveys of the water powers of the province, and considering 
only those rivers on which water power is available in such quan- 
tities, and in such locations as could be economically developed 
either now or in the near future, the quantity of actually available 
water power in the province is estimated at approximately 5.25 
million kilowatts of continuous power, of which some 800,000 
kilowatts have now been developed and utilized. There remains, 
therefore, in the province of Quebec as available commercial water 
power about 4.5 million kilowatts of continuous power or about 
12 million horsepower at 50 per cent load factor. 


Tue Loap Factor 


17. The various amounts of power mentioned in this paper thus 
far have been described as ‘‘continuous power,” which means that 
the flow of water producing this power is sufficient to provide 
the full quantity 24 hours a day, 365 days in the year. The author 
proposes to digress here from the main subject of the paper to dis- 
cuss briefly the subject of ‘‘load factor,” or the proportionate 
duration of use of power. 
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18 No industry is able to make continuous use of the power 
which it requires, and therefore no power company supplying 
power for industrial purposes is called upon to supply the total 
amount of contracted power all day every day in the year. The 
term “‘load factor” is used as a measure of the duration of use of 
power and is defined as average power divided by peak power. 
The load factors of the various industrial loads in Quebee differ 
considerably. For instance, paper mills operate at a load factor of 
between 65 and 75 per cent, averaging more nearly 65 per cent; 
carbide and electrochemical plants operate at 85 to 90 per cent; 
cement mills at 80 to 90 per cent; and asbestos and mining indus- 
tries at 45 per cent load factor. The load factor of a hydroelectric 
station supplying various industrial establishments and providing 
power and lighting service to communities will obviously be the 
average of the combined load factors of the various loads. Such a 
plant will therefore not require to use continuously the flow of its 
water which will produce maximum output. Provided sufficient 
water-storage capacity exists, the surplus energy that the normal 
flow of the river could produce may be stored in the form of water, 
but otherwise a certain portion of the available energy — which 
might be very great at certain seasons in the year — must be 
allowed to run to waste. In estimating the amount of energy 
available for industrial uses from the flow of the river at a given 
head, due consideration must therefore always be given to the 
storage capacity of the watershed and to the amount of regulation 
of flow which is possible with full utilization of the storage capacity. 

19 In plants where no storage capacity exists, the installation 
of sufficient generating capacity to consume the increased flow of 
water during the six high-water months becomes economically 
justifiable by the use of electric steam generators as an adjunct 
to the plant to make possible the utilization of the excess energy 
produced during these months by its conversion into steam. The 
ability to obtain a return from all the energy available at all times 
of the year will make possible the development of many power 
sites which, if dependent solely upon the sale of continuous electric 
power as such, might remain undeveloped. 


Harty Warer-PowER DEVELOPMENTS 


20 The first hydroelectric development was the Montmorency 
plant near the mouth of the Montmorency River, seven miles 
below Quebec, built in 1895 and having an installed capacity of 
five 600-kw. generators. 

21 This was followed in 1897 by the St. Narcisse plant on the 
Batiscan River, with an output of 750 kw., which was transmitted 
to Three Rivers over a two-phase 12,000-volt transmission line 
18 miles long. This was the first high-tension line in the British 
Empire. 

22 The Chambly plant on the Richelieu River, 17 miles from 
Montreal, was built in 1898 with four 2000-kva. machines, the 
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output of which was transmitted to Montreal at 25,000 volts, 
three-phase. In 1898, also, the Lachine Rapids plant began opera- 
tion with a maximum output at certain times of the year of 
10,000 kw. 


PRINCIPAL WaTER PowrErs Now IN OPERATION 


23 The principal water powers now in operation in the province 
of Quebec may be divided as follows: Powers on the Ottawa River, 
powers on the St. Lawrence River, Province of Quebec; powers on 
the St. Maurice River; powers on the Saguenay River and its 
tributaries in the vicinity of Chicoutimi; and powers located on 
the south side of the St. Lawrence River, particularly on the 
St. Francis River and its tributaries. 

The two great developments existing today in this province are 
located at Cedars Rapids in the St. Lawrence River, thirty miles 
west of Montreal, and on the St. Maurice River at Shawinigan 
Falls and Grand Mere. The third great power, which ultimately 
may eclipse these, is now being constructed on the Saguenay River 
just below the outlet of Lake St. John. 

24 In addition to the developments enumerated in Table 1, 
which generate electricity for use in public-utility service or for 
industrial service in the neighborhood of power developments, 
there are a large number supplying power for grinding wood. 
These latter are widely scattered throughout the province, most of 
them having been built prior to 1910. The total amount of hy- 
draulic power used directly for this purpose in the province has 
been stated by the Water Power Branch to be 162,825 hp. The 
vertical turbine and the increase in the size of electrical generating 
units made it in many cases more economical to develop power in 
the form of electricity to be transmitted to pulp and paper mills 
built in favorable positions rather than to locate the mills at the 
site of the power development. The amount of hydroelectric 
power so used is stated to be 157,367 hp., making a total of 320,192 
hp. of hydraulic turbines employed in the pulp and paper industry. 

25 The growth of hydraulic and hydroelectric development has 
been rapid and continuous over the past 20 years. The yearly 
rate of increase has been about seven per cent of the installed 
capacity per year over the last 15 years, and the present total de- 
velopment is 1,070,000 hp. of hydraulic and electrical capacity 
combined. 

26 At the present rate of increase the total available amount 
of hydraulic power, which is estimated at 5.25 million kilowatts or 
about 7,000,000 hp., will be developed and utilized in the next 29 
years. However, as the increase in development will in general 
follow the increase in population, it will take considerably less 
than 29 years to develop all the power now in sight, and a careful 
study indicates that in 20 to 25 years the 7,000,000 hp. will be 
used up. Further, this time might be materially shortened if any 
large amount of power were exported from Canada. 


No. 1887 


HYDROELECTRIC DEVELOPMENTS IN 
ONTARIO?! 


By F. A. Gasy,? Toronto, CANADA 
Member of the Society 


Preliminary estimates of the available water power in Ontario indicate 
a total of 6,000,000 hp., of which 1,300,000 hp. have already been developed. 
The early developments at Niagara Falls are reviewed, and a detailed 
description of the recent Queenston-Chippawa development is given. This 
development, which is the largest in the world, will ultimately develop 
650,000 hp. in ten units operating under 305 ft. head. When this develop- 
ment ts complete, the generating capacity at Niagara Falls will be over 
900,000 hp. An outline of the work of the Hydro-Electric Power Com- 
mission of Ontario is given, showing how it has surveyed and mapped out 
available powers, years in advance of the necessity of utilizing them, and 
planning their development, so that when the market for power had de- 
veloped the power was available. 


ae province of Ontario is richly endowed with water powers, 
widely distributed over an area of over 400,000 square miles, 
and its surface waters drain both to the Atlantic and to the Arctic 
oceans. Preliminary estimates which include Ontario’s share in 
the water powers of her international waters have indicated a 
total of some 6,000,000 hp., of which about 1,300,000 hp. has 
already been developed. 


Tue Cyuipr WATER PowErs oF ONTARIO AND THEIR STRATEGIC 
SITUATION 


2 The power potentialities of the Niagara and St. Lawrence 
Rivers constitute a very large proportion of the available power in 
the province. Next in importance is the Ottawa River and its 
tributaries. The power on the main stream, which constitutes 
part of an interprovincial boundary, is shared by the provinces 
of Ontario and Quebec. Under conditions of controlled flow, 


1 For discussion, see p. 36. 
2 Chief Engineer, Hydro-Electric Power Commission of Ontario. 
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Ontario’s share of the power available on the main stream, together 
with that on the tributaries in Ontario, aggregates about 700,000 hp. 
3 Other important water powers are found in the Trent River 
watershed, tributary to Lake Ontario. There are nearly thirty 
sites, of which about one-half have been developed with an aggre- 
gate capacity of 50,000 hp., leaving undeveloped sites with an 
aggregate capacity of some 15,000 hp. Tributary to Lake Huron 
are water-power streams with an aggregate potentiality at known 
sites of nearly 300,000 hp., of which about 100,000 hp. is developed. 
Tributary to Lake Superior are water-power streams with an 
aggregate potentiality of about 300,000 continuous hp. About 
half of this total is on the Nipigon River, on which an initial de- 
velopment has been made for the municipalities of Port Arthur 
and Fort William by the Hydro-Electric Power Commission of 
Ontario. The outflow from Lake Superior through the St. Mary 
River constitutes an important water-power site, which has been 
partially developed. In the extreme west of the province, the 
English and Winnipeg Rivers, which flow into the province of 
Manitoba, have important water powers; in Ontario these powers 
ageregate over 250,000 hp. There remain to be mentioned the 
water powers of the streams flowing from Ontario into James Bay 
and Hudson Bay. The more important of these streams from the 
viewpoint of water-power possibilities are the Mattagami, the 
Abitibi, the Missinaibi, and the Albany Rivers. These streams 
have not yet been adequately appraised; the total water-power 
possibilities of known sites aggregate upward of 1,000,000 hp. 


Harty Hypromtecrric DEVELOPMENTS IN ONTARIO 


4 The most important early hydroelectric development in the 
province of Ontario, from the standpoint of magnitude and ex-. 
tensive transmission, was the plant at DeCew Falls. This plant 
takes its water from Lake Erie at the level of the upper reach of 
the Welland Canal at Allenburg. It is a high-head development 
(265 ft.) of about 50,000 hp. capacity. Current is generated at 
2400 volts, 3-phase, 66 cycles, and transmitted at 44,000 volts. 
The main objective of this DeCew power was the city of Hamilton, 
in the industrial life of which it has played a most important part. 

5 Niagara Falls. The three large hydroelectric plants at 
Niagara on the Canadian side of the river have often been described 
in print, but a brief reference should be made to these developments 
because of their importance to the general hydroelectric economy 
of the province of Ontario. 

6 The Canadian Niagara Power Company —an ally of the 
Niagara Falls Power Company of Niagara Falls, New York, was 
formed in 1889. The water for this plant is drawn from the level 
of the upper river through an intake canal, and is thence distributed 
to the intake chambers at the head of each penstock. ‘The pen- 
stocks pass vertically down an average depth of about 160 ft. to 
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the turbines. The nominal installed capacity of this plant, in- 
cluding a spare unit, is 121,000 hp. The ground was broken on 
October 4, 1890, and the first commercial power was delivered on 
August 26, 1895. 

7 The next important development at Niagara was that of the 
Ontario Power Company, which first delivered commercial power 
in 1905. This plant has its intake near the Dufferin Islands, above 
the falls. The water is conveyed over 6000 ft. to penstocks by 
means of underground conduits. The plant operates under an 
average effective head of about 180 ft., and its present capacity is 
a little over 160,000 hp. In 1917 the Hydro-Electric Power Com- 
mission acquired the whole of the assets, including the generating 
plant at Niagara Falls, of the Ontario Power Company, and now 
operates the plant. 

8 In 1903 the Electrical Development Company entered into 
an agreement with the Commissioners of the Queen Victoria 
Niagara Falls Park to utilize the waters of the Niagara River for 
the development of 125,000 e.hp. Its plant is situated above the 
falls and about midway between the headworks at Dufferin Islands 
of the Ontario Power Company and of the Canadian Niagara Power 
Company. The plant operates under a head which varies from 130 
to 145 ft., depending on river conditions. In 1922 the assets of the 
company, including the development just described, were acquired 
by purchase by the municipalities of the Niagara district, and the 
operation of the plant was placed under the jurisdiction of the 
Hydro-Electric Power Commission. 

9 New Ontario Developments. In the Sudbury, Cochrane, and 
Cobalt districts of what is known as New Ontario there are several 
developments on the Matabitchuan, Montreal, Mattagami, and 
Wanapitei Rivers which aggregate approximately 60,000 hp. and 
are used for general municipal purposes and the operation of gold, 
silver, cobalt, copper, and nickel mining properties in Northern 
Ontario. The pulp and mining companies have their own de- 
velopments to the extent of 125,000 hp. located on the Abitibi, 
Spanish, Vermillion, Magnetawan, and the Onaping Rivers, which 
they use for their own manufacturing purposes. 


Systems AND Power DEVELOPMENTS OF THE HypRo-ELEcTRIC 
PowrR CoMMISsION 


10 We may now devote attention to some of the more interest- 
ing characteristics of the power developments which supply electri- 
cal energy to the various systems of the Hydro-Electric Power 
Commission to which reference has just been made. In this 
connection special attention will be directed to certain features of 
some of the developments installed under the administration of 
the Commission. 

11 From an initial investment in 1910 of some $3,750,000 the 
operations of the Commission have extended until at the present 
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time it administers properties to the value of approximately 
$200,000,000, delivering upward of 625,000 hp. to 14 different 
systems in various parts of Ontario and serving 350-odd munici- 
palities, the systems comprising some 3500 miles of transmission 
lines. 

12 Transmission Voltages. The frequency employed is 25 
cycles in the Niagara system and 60 cycles in all other systems. 
In the Niagara system the main high-tension lines are operated at 
110,000 volts and are carried on steel towers. The secondary 
distribution from the main transformer stations to the various 
municipal and distribution stations is chiefly at 13,200 and 26,000 
volts, although other voltages are employed. Outside of the 
Niagara system the only 110,000-volt lines are in the Thunder 
Bay district, where about 70 miles of wood-pole line are operated at 
this voltage. The main transmission lines of the Severn, Eugenia, 
Wasdells, and Muskoka systems are operated at 22,000 volts; the 
St. Lawrence system and the Rideau system lines at 26,400 volts; 
the Central Ontario and Trent system lines at 44,000 volts — 
recently raised from 26,400 volts, at which some lines still operate 
—and the Nipissing system lines at 22,000 volts. Local distribu- 
tion in the various systems is usually at 2200 and 4000 volts, the 
service voltages being 110, 220, and 550. 

13 The extent of the hydroelectric developments by the Com- 
mission, both actual and conjectural, are summarized in Table 1. 

14 Storage. The rapidly increasing demand for electrical energy 
in all of the fourteen systems operated by the Commission has in 
some instances already used the available water supply, while in 
other systems it is only a matter of two or three years, or even 
less, before practically all of the power available under existing 
conditions of water supply will be requisitioned. The Commission 
will be able in some cases to increase the supplies available by pro- 
viding storage. Most of the drainage basins supplying existing 
developments are well furnished with lakes and reservoir possi- 
bilities. The potentiality of the storage available, as well as the 
potentialities of remaining power sites, are being investigated by 
the Commission’s engineers, it being recognized that such storage 
as may economically be developed will be demanded at an early 
date. 


THe QuUEENSTON-CHIPPAWA DEVELOPMENT 


15 The largest development in Ontario, in fact, the largest 
single hydroelectric development in the world, is the Queenston- 
Chippawa installation. This development was placed in service 
on February 11, 1922. It will have a normal operating head of 294 
ft. to 305 ft. when the installation is complete, which is over 90 per 
cent of the fall between Lake Erie and Lake Ontario. The con- 
servation of head effected by the reduction of hydraulic losses to a 
minimum and by refinements in the design of the various essential 
elements of the project as a whole, has resulted in the production 
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TABLE 1 CAPACITY OF PRESENT AND PROJECTED DEVELOPMENTS 
OF THE HYDRO-ELECTRIC POWER COMMISSION OF ONTARIO 


Projected 
-—Present Plants—— Developments 
Present Ultimate a4 
capacity, capacity, Estimated 
Present Development or Site hp. hp. hp. 
NIAGARA SYSTEM 
Niagara River: 
Ontario Bower COs) ce oe ee tee 180,000 E50/000" BIG ST 4,. S52 
Electrical development Co. .......... 125,000 100,000 dics tf 
Queenston-Chippawa development ... 300,000 DOOOO ENF Mats 
Canadian Niagara Power Co.!........ 20,000 £20,000) 9 “yA Veeies 
otal eos. vane a eta ees fae 625,000 $20,000. g) Woche 4. ete 


Comsinep NortHEeRN SystemMs — SEVERN, EuaEntA, AND WASDELLS 


Beaver River: 


Eugenia Falls development ..........- 8,500 85004 Peep tocts. a 
Severn River: 
Wasdells Falls development......... 1,200 T200F Hy ilehes 
Big Chute development............. 6,200 6200) eave: Peirce ae 
Pore Severn... 8 . oth. URW, Seas. eee PL ee 1,400 
Saugeen River: 
Hay wardsil alist). SHAN. RAMA ee pease. See ek iee SaaS 1,020 
Pontybbsing 6. ey era eee tO a ee ee eee 10,000 
ACRIN DSTO! ae eS hte ear tec eee) ae ee en ae eee 1,700 
LOCALE Gate shane hte Sat anys ans Gene 15,900 15,900 14,120 


Muskoka River: 
South Falls development........... 1,750 6,000 2,000 


. St. LAwRENCE SYSTEM 
St. Lawrence River: 


CedarsiRapids Power Companys mn Atte Abert aay | Ee ae 
Morrisburstand ong Saulte «te: tate ee eee ees 600,000 


Mississippi River: 


High Falls development............. 3,600 Fully developed ...... 

Carleton Place development......... Tks Fully developed ...... 

Ragged @Maves: tras crt kee A ee ene een ee eee eee 3,600 © 
Potall 2a PTs aa lee eee rake wk, eee 4:385) 11) Sees, 3,600 


Nipigon River: 
Cameron Falls development......... 25,000 (5000) ) ys Waitt hed Be 


Alexa dertam Gin ey tsar: sek elvan eee ed Ate me 41,900 
Pine Portages. F204). ACPO TT eet ee Gen, ok Ee PE eee 40,400 
Wargin, Halls 3 Se aogier Ron Ru ae eee 30,800 
Kaministikwia River: 
SilverJMallss(Dogakie)ercmhia cease ee te 22,000 
Total... Aven aae aed, Aaa aoe 25,000 75,000 135,100 
Orrawa System 
Ottawa River: 
Ottawa and Hull Power & Mfg. Co... ...... 20,000 
Ghats Falls. fusrahy. ange. 4aereedetebeeit® Mpsein 60,000 
Otel ce.k. bak Wald, Cate - Mahle ee ae AP 20,000 60,000 
CENTRAL ONTARIO AND TRENT SysTEM 
Developments above Rice Lake........ INSI4OD IDS ae WEE” Se AOS 
Developments below Rice Lake........ AQ ATOM tote nt 10,720 
TOUAL ceo te cnc a. eters nace nitro oe 51,610 10,720 


1 Purchased power. 
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Nipissing System 
South River: 


Nipissing development.............. 2,500 Fully devel 1 
Binghamis| Chutes. aide pure yb) hack we # ad Sears (300 
PIOUS ee ee Pet. ee a ee et 1,150 
Gitziors = 50. «55nd Dyess, cts! 2,160 
(OLS EBCOV ACERS an Dr See See ee ne ey ae 1,930 
Gm Dallstramateetee tae ome See ee eee LO SP 3. 700 
French River: (three developments) 
Chaudiere, Five Mile Rapid, and the 
Dallesn eri Ct eee. 0 Siete ON Nanos 0 30,000 
NST OSI esd bee, aes Cerra tent ny oto a be 500 37,240 
GRAND: POD AL eee ane neltucr 1,858,125 hp. 


of a power development which is believed to represent the best in 
modern engineering practice. 

16 The plant when completed will consist of ten 60,000- to 
65,000-hp. units running at 187.5 r.p.m. and generating power at 
12 kv., three-phase, 25 cycles, which in turn is transformed to 110 
kv. for transmission with an ultimate capacity of 550,000 to 
600,000 hp. 

17 Fig. 2 indicates the relation of the various works comprising 
the development. Water is taken from the Niagara River about 
one mile above the falls, is conveyed 43 miles through the improved 
section of the Welland River, thence by a canal 84 miles long to 
the forebay and screen house located on the Niagara River about 
one mile south of the village of Queenston. From the screen 
house, steel penstocks encased in concrete carry the water down 
the cliff to the power house, from which it passes to the Niagara 
River. 

18 The Intake. On the Niagara River one of the great ob- 
stacles to securing continuity of service is the annual formation 
and flow of ice. In order to eliminate as far as possible inter- 
ference of operation due to ice, a special form of intake has been 
provided. 

19 , The complete structure is approximately 1100 ft. long and 
is made up of an entrance with lock gates for navigation, a bulk- 
head section, and the intake proper, the latter combining two 
forms of intake; the conventional or surface intake consisting of a 
concrete barrier or boom with fifteen openings, each 18 ft. in width, 
normally having 8 ft. of submergence, which submergence, however, 
can be increased by means of drop gates to any amount up to the 
full depth of water or 35 ft.; and the submerged intake consisting 
of gathering tubes or draft distributors, six in number and 675 ft. 
in length. 

20 Control Gate. The control gate, located at the upper end 
of the canal, where the earth section merges into the rock section, 
is the largest single-leaf, roller-type, motor-operated gate ever 
built. A worm drive is connected to double hoisting: gears on 
the top of the end towers. Roller chains pass over these gears, 
connected at one end to counterweights and at the other to the 
gate. When raised to its full height it leaves a clearance of 14 ft. 
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above the water level in the canal. The total pull on the two 
chains in raising the gate is 316,000 lb. The chains are made up 
of pairs of links 9 in. by 14 in. in cross-section, and rollers 43 in. 
in diameter. The speed of lift is 4.6 ft. per min. 

21 Concrete Lining. Economic considerations prompted the 


lining of the canal with concrete averaging 20 in. thick. The 
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height of the lining was fixed slightly lower than the profile of the 
water surface existing when the load conditions on the plant are 
a maximum and the Niagara River flow isa minimum. The lining 
thus always is protected by submergence against frost. 

22 Screen House. At the lower end of the forebay, and serving 
as a dam for it, is the screen house, which forms the entrance and 
the control for the penstocks, The entrance to each of the main 
penstocks is a modified bell mouth consisting of three openings, 
12 ft. 8 in. wide and 29 ft. high, at the rack supports, which gradu- 
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ally converge into one opening 16 ft. in diameter at the point of 
connection to the penstock. Immediately behind the curtain wall 
steel-lined gate checks are provided to support structural-steel 
gates. 

23 On account of the provision of Johnson valves at the lower 
end of the penstocks, permanent gates were not installed in the 
screen house at the entrances to the penstocks. Movable gates 
have been provided, consisting of sectionalized leaves which can be 
dropped into checks in the piers by means of the 25-ton traveling 
crane in the screen house. Concrete piers divide the entrances to 
the penstock into three openings, and the drop gates for closing 
these openings are made in three sections. 

24 Penstocks. From the screen house the water is carried to 
the turbines in steel-plate penstocks encased in a concrete envelope 
with a minimum thickness of 24 in. The economical diameter for 
units 1 to 5 was determined to be 15 ft., and in order to simplify 
the field riveting the lower third of the penstock was made 14 ft. 
and the upper two-thirds 16 ft. This decrease in the diameter at 
the lower end permitted the use of plates 1} in. thick, which could 
be readily riveted in the field. The total weight of each penstock 
is 840,000 lb. 

25 Each penstock ring is made up of two plates with longitudi- 
nal joints on the horizontal center line, the plates varying from 
4 in. at the top section to 14 in. in thickness at the lower section. 
These joints are all double-strap butt joints, varying from double 
riveted at the top to quadruple riveted at the lower end. The cir- 
cumferential joints are single-strap butt joints, double riveted, with 
the butt strap on the outside. The longitudinal joints are calked 
on the inside, but the circumferential joints are made watertight 
by electric welding. In designing the penstocks a stress of 12,000 
lb. per sq. in. was used, this figure being taken to provide for the 
exigencies of corrosion, fatigue, suddenly applied loads, and other 
indeterminate or unknown contingencies. The internal pressure 
used for design purposes was taken to be the static head plus the 
pressure rise due to a complete closing of the turbine gates in 135 
sec. This increase in pressure was taken as a maximum at the 
turbine gates and varying uniformly to zero at the racks. 

26 For discharging ice which may form on the canal and fore- 
bay, a chute has been provided at the south end of the screen 
house leading down the cliff and under the power house to the 
Niagara River. This ice chute is 10 ft. in diameter, made of rein- 
forced concrete and provided at the upper end with a drop gate. 

27 Generating and Transformer Station. The generating and 
transformer station is located below the escarpment and close to 
the river’s edge. The station extends about one-half the distance 
to the top of the escarpment. The structure required to house five 
main units and the service equipment is 350 ft. long, and ultimately 
this length will be doubled. The substructure is of massive con- 
crete construction carried down to rock foundations, and provides 
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chambers and tunnels for housing and giving access to various 
kinds of apparatus. The superstructure consists of a structural- 
steel framework with reinforced-concrete floors and roofs, and 
concrete, brick, and tile walls and partitions. 

28 Turbines and Governors. Turbines Nos. 1 and 2 are de- 
signed for 52,000 hp. and Nos. 3, 4, and 5 for 55,000 hp., all at 
305 ft. head, the speed being 187.5 r.p.m. They are of the single- 
runner vertical type, set in spiral cast-steel casings. The inlet 
diameter of the casings is 10 ft. In Nos. 1 and 2, manufactured 
by the Wellman-Seaver-Morgan Company, of Cleveland, the 
casings are divided into nine sections with a separate speed ring, 
while in Nos. 3, 4, and 5, manufactured by the Wm. Cramp & Sons 
Ship & Engine Building Company, of Philadelphia, the speed ring 
is cast integral with the casing and the whole divided into 12 sec- 
tions. The weight of the casing and speed ring in Nos. 1 and 2 
is 240,000 lb., while in 3, 4, and 5 it is 180,000 lb. 

29 The runners are made of cast steel in one piece and provided 
with special renewable seal rings. Those for Nos. 1 and 2 are 125 
in. in diameter, and those for Nos. 3, 4, and 5 are 121 in. in diameter. 

30 The gate control is the usual double-regulating-cylinder 
type, operating through rods to a shifting ring connecting to the 
individual gates through specially designed breaking links. 

31 All parts of the turbines adjacent to rotating elements and to 
water passages subjected to high velocities are made of special 
steel and renewable. The main-journal guide bearing on each unit 
is of the water-lubricated lignum vite type, such as has been used 
on all modern vertical-turbine plants. This type of bearing has 
been selected on account of its simplicity and low maintenance cost. 

32 The draft tubes are all of the Moody spreading type except 
that of No. 1, which is a bent tube. 

33 On account of the limitations in the use of water at Niagara, 
the runners are designed to obtain their maximum efficiency at a 
point about 10 per cent below their maximum rated output, at 
which load for the most part they are operated. This condition 
required that the runners be larger than would normally be used 
and that the turbines be ‘‘gated back.’ With the gates full open, 
actual tests have shown that the capacity of Nos. 1 and 2 is 
60,500 hp. each, and of Nos. 3, 4, and 5, 65,500 hp. each, under 305 
ft. head. 

34 Exhaustive tests have been carried out on the units, using 
the Gibson ‘‘pressure-time”’ method for determining the discharge. 
The maximum efficiency obtained on each turbine was 93 per cent, 
exceeding, so far as is known, any figure heretofore recorded on a 
commercial operating turbine. Fig. 3 shows a turbine casing 
erected in place. 

35 The governor actuator is set on the generator floor, the 
flyballs being driven by belt from the turbine shaft. The main 
valve is located adjacent to the turbine regulating cylinders, 35 ft. 
below the actuator. To meet the conditions of this layout the pilot 
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valve is hydraulically coupled to a small piston valve which is 
mechanically connected to the pilot valve of the main dog valve. 
The hand-control stand is located on the generator floor and oper- 
ates the regulating cylinders through the governor pressure system. 

36 The governors are operated on the ‘‘central” type of pres- 
sure system. Two motor-driven centrifugal pumps, each deliver- 
ing 500 imp. gal. per min., and located adjacent to two 3000-gal. 
sump tanks built into the concrete substructure of the power 
house, deliver the governor fluid at a pressure of 200 Ib. per sq. in. 
to a header from which branches are connected to the governors 


Fig. 3 Tursinge CasiInc ERECTED IN PLACE 


through individual pressure tanks. The capacity of one pump is 
sufficient to operate five governors. 

37 The fluid used in the governor system is filtered water, in 
which is dissolved 7 lb. potassium bichromate to every 1000 gal. 
water. This fluid does not corrode the valve seats and has proved 
satisfactory in service. 

38 Service Turbines. The two service-turbine casings have a 
30-in. inlet diameter and runners of 42 in. outside diameter. The 
gate mechanism is of the “outside” type, similar to the main 
turbine. 

39 The governor is the “direct-connected” type, and the pres- 
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sure liquid is ordinary lubricating oil. The flyballs are mounted 
upon the main turbine shaft, and the governor stand, with self- 
contained pumping unit, is placed on the turbine floor. 

40 A band brake is furnished in order to assist in bringing the 
unit to a quick stop when necessary. 

41 Johnson Valves. A Johnson valve is located on each pen- 
stock near the entrance to the turbine casing. The action of this 
type of valve has been described frequently in other papers.. The 
control of the Queenston valve is made through the operation of 
three small Johnson valves which automatically adjust the flow 
into the central and annular chambers so that the main valve 
plunger cannot travel at a dangerous rate. The closing stroke is 
cushioned at the end, and in the opening stroke the plunger moves 
just sufficiently to permit the wheel case to be primed before com- 
pleting its stroke. An emergency handle is located on the control 
stand on the generator floor, by means of which an operator can 
close the Johnson valve in case of trouble. The valve can be 
opened only from the control located adjacent to the valve itself. 

42 Acres Control Pedestal. For the purpose of the floor opera- 
tion of each unit, a pedestal is erected adjacent to each generator. 
On this pedestal are mounted the pressure and vacuum gages for 
the turbine, signal light, and loud-talking telephone from the con- 
trol room, temperature indicators from the generator windings, 
oil- and water-flow indicators, a control for the air brakes, and the 
emergency closing control for the Johnson valve. An operator 
standing at the pedestal is in close communication with the con- 
trol room and at the same time has under his hand the control of 
the turbine governor and Johnson valve. The signal lights operated 
from the control room call the floor operator to any unit desired. 

43 Generators. The present five units are each rated at 45,000 
kva., 80 per cent power factor, 12,000 volts, three-phase, 25 cycles 
at 187.5 r.pm. They are capable of being operated continuously 
at 49,500 kva. with either voltage or current 10 per cent in excess 
of the rated values. The type is vertical (see Fig. 4), with direct- 
connected, shunt-field, commutating-pole, 250-volt, 150-kw. exciter. 
The overall efficiency of the generating units is slightly in excess 
of 97 per cent at 80 per cent power factor. The thrust bearing is 
designed to support a load of one million pounds, which is slightly 
more than the weight of the rotor plus the hydraulic thrust im- 
posed by the turbine. Upper and lower guide bearings are provided, 
the latter on account of the length of shaft and to keep the gener- 
ator a self-contained unit. 

44 The overall diameter of these units is 25 ft., the diameter of 
rotor over pole faces being 18 ft. approximately. The shafts are 
30 in. in diameter in the guide bearings, and are provided with a 
flange at the lower end for bolting to a corresponding one on the 
turbine shaft. The shafts are hollow, with an 8-in.-diameter bore, 
and are 30 ft. 3 in. in total length. The overall height of the 
generators above the generator floor is 26 ft. 10 in., thus above the 
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main floor only the top of the frame and the upper bracket, thrust- 
bearing housing, and exciter are visible (Fig. 4). 

45 The weight of the complete generator is 1,400,000 Ib. and 
that of the rotor, 615,000 Ib. The largest piece to be handled by 
the cranes weighs 600,000 lb. 

46 It was specified that there should be a thrust bearing at the 
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top to carry the weight of the rotating part and the total thrust 
due to turbine at rated speed and at overspeed; that the rotor be 
capable of operating at an overspeed of 347 r.p.m. without injury 
to any part; also that provision for easy handling of various parts 


be made. 
47 Contracts were placed with two manufacturers, who used 
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different methods in constructing the generators, the general differ- 
ence being that one made use of a built-up laminated sheet-steel 
rotor rim mounted on a small cast-steel spider, of cast iron in the 
upper and lower bearing brackets, and of a Kingsbury thrust 
bearing to carry the rotating parts; while the other used a rotor 
consisting of seven cast-steel wheels shrunk on to the shaft, cast 
steel in the upper and lower bearing brackets, and a thrust bearing 
with stationary bearing plate supported on a large number of small 
springs. Both manufacturers used forged-steel hollow shafts of 
approximately the same dimensions, which were 30 in. in diameter in 
the guide bearings and had a forged half-coupling at the lower end. 

48 The steel forgings and steel and iron castings were required 
to meet the specifications of the American Society for Testing 
Materials. With reference to the steel castings, particularly those 
of large section, such as are used in the cast-steel rotor wheels, 
attention is drawn to the advisability of not depending entirely on 
small test pieces attached to the casting to determine if the anneal- 
ing has been properly carried out. It is the practice of the Com- 
mission on these large rotor castings to require that test pieces 
taken from 4-in. by 4-in. blocks 12 in. long, cast on the outside and 
underside of the rim, meet the specification requirements, also that 
core-drill samples be taken from the rim at the ends of the arms 
and if possible from between the arms, these samples being tested 
and examined to determine the quality of the metal. 

49 The two types of bearings provided are interchangeable in 
the housings as constructed. In the Kingsbury bearing the shaft 
is supported on the thrust bearing by a nut threaded on the upper 
end of the shaft. The nut rests on a thrust collar which rests on 
the runner plate of the thrust bearing. The runner plate is of 
cast iron with a very highly finished surface, being true to 0.0002 in. 

50 The stationary bearing surface consists of six babbitted 
sector-shaped shoes, each mounted on a support on the head of a 
jackscrew so that it is free to tilt. 

51 The maximum diameter of the runner plate is 69 in. The 
total area of the shoes is approximately 2500 sq. in., so that the 
unit pressure is 380 lb. per sq. in. The friction losses in this bear- 
ing at normal load and speed are approximately 90 hp. Lubricating 
oil is circulated at the rate of about 4 gal. per min. between the 
purifying system and the bearing housing. 

52 In the spring type of bearing the thrust is taken from the 
shaft to a cast-steel thrust collar by means of a shear key in a groove 
in the shaft. The groove is 3 in. wide and the shaft 29 in. in 
diameter. The thrust collar rests on a runner plate of cast iron 
69 in. in diameter and is attached by two 2-in. dowel pins to 
prevent relative rotation. The carefully finished surface of the 
runner plate runs on a stationary steel ring with a babbitted sur- 
face, which in turn is supported on a nest of over 700 steel helical 
springs. The babbitted ring is split in one place radially to give 
flexibility, and the surface is radially grooved to allow oil to reach 
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the rubbing surfaces. The unit pressure is about 265 Ib. per sq. in. 
of bearing surface at 960,000 lb. total downward thrust. The total 
loss in the bearing is about 125 hp. 


GROWTH IN DEMAND FOR HYDROELECTRIC PowER 


53 The first five units of the Queenston-Chippawa development 
are now in operation and the other units are being installed as 
rapidly as possible, and when completed the Commission will have 
a generating capacity for the Niagara District of over 900,000 hp., 
including the Toronto Power Co. and the Ontario Power plants. 

54 Since 1910 the demand for “‘Hydro”’ service from the Com- 
mission has grown from a small initial load of less than 1000 hp. 
to one of 628,000 hp. (of which 75,000 hp. is exported) taken by 
250 municipalities and 97 townships supplying 335,000 consumers. 

55 Realizing as it does the large amount of time — often 
several years — that must elapse between the initiation of a new, 
extensive water-power development and its being brought to the 
stage where commercial power can be delivered, the Hydro-Electric 
Power Commission has always been compelled to take early action 
on behalf of municipalities for the creation of new sources of supply 
for electrical energy. It has sometimes required a good deal of 
courage on the part of the officers of the Commission to incur 
heavy financial outlay years in advance of the actual demonstra- 
tion of markets to absorb electrical output, but in no instance has 
its judgment eventually been found to have been in error. 

56 At the present time, all evidence points to the fact that by 
the end of the year 1926 the existing provisions made for the supply 
of electrical energy to municipalities will be fully taxed and no 
spare power will be available. The output of the Queenston- 
Chippawa plant will have been absorbed. The Commission has 
considered the possibility of producing further power at Niagara 
Falls, but the chairman of the Commission, Sir Adam Beck, has 
stated from the public platform that he believes that it would be 
more profitable for all concerned to turn to the St. Lawrence River 
for the next large hydroelectric development. 


PowER ON THE St. LAWRENCE RIVER 


57 The province of Ontario shares with the state of New York 
the water power in the international stretch of the St. Lawrence 
River extending from Prescott to the international boundary. In 
this portion of the river there is a possibility of developing upon a 
conservative basis about 1,600,000 hp., of which 800,000 hp. would 
belong to Ontario. For several years the Commission has been 
conducting special surveys and investigations with the view of 
determining the best means of developing the international reach 
of the river in the joint interests of power and of navigation. 
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Rates CHARGED FOR ELECTRICAL ENERGY 


58 One of the basic principles upon which the Hydro-Electric 
Power Commission of Ontario operates is the furnishing of electrical 
energy to consumers at cost. Time and again, it has been stated 
that the rates for light and power resulting from the efforts of the 
Commission were much less favorable than those prevailing in 
other places. However, the author wishes to state that nowhere in 
the world over such extensive areas do communities and citizens 
obtain electric power and light at such low rates as prevail through- 
out the hydro municipalities in the province of Ontario, namely, 
from 1.5 to 3.1 cents per kw-hr. for residence and commercial 
service, and from $13.26 to $25.14 per hp-year for power service. 

59 The secret of the phenomenal growth of the operations of 
the Commission lies in the fact that as the trustee and agent of co- 
operating municipalities it has made available to them electrical 
energy at cost, which they have then distributed and vended to 
their individual consumers at as near cost as possible. Moreover, 
the Commission has made its distribution of energy to small 
municipalities and to rural districts, and the demand of these 
small municipalities aggregates a substantial load. Electrical 
energy, once a luxury, has now become a common commodity of 
the people. 


DISCUSSION ! 


F. Daruineton.? Economic operations are rapidly extending 
the application of power, and it is most important that the supply 
keep pace with the need. If it should fall behind, then in such 
proportion will prosperity be curtailed and standards of living 
restricted. Certain features of the power industry are international 
in their scope and of importance to all individuals. One of these is 
the increased centralization and unification of power service by 
interconnecting and expanding existing electric systems, which 
will be the greatest forward step that can be taken to put cheap 
and dependable power within the reach of all. It is not enough 
to have a huge power plant at Niagara Falls or on the St. Lawrence 
River or in the Pennsylvania coal fields. While power confined to 
these places might be used in factories or electrocheniical works 
located near the source, its more general use and broader applica- 
tion must be through wide distribution to industrial and social 
needs. Only by wide distribution from the best natural power 
sources can the public be properly served. 

Of the two basic resources for power generation —fuel and 
water — one is conserved by saving it, the other is lost if it is not 
used, but where both are available the best conservation is 
achieved by using them to supplement each other. Furthermore, 
whichever source of power is used there must be great generating 


1 Joint discussion of Papers Nos. 1886 and 1887. 
2 Consulting Engineer, New York, N.Y. 
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plants and power-transmission systems, and conservation requires 
that the fullest possible use should be made of these structures. 

All the conditions for conservation and high economy are en- 
hanced by interconnections between electric systems to combine 
the loads into big blocks and permit the use at all times of the 
most economical available source of power. Then when new 
generating plants are built, the most efficient source of power 
within the area of the interconnected system always can be used, 
whether it is a water power or a steam plant at a coal mine, or at 
tidewater or elsewhere. 

It is sometimes erroneously held that if any given electric com- 
pany has the cheapest source of power within practical transmis- 
sion distance, such a company would have little or nothing to gain 
by tying in with other less fortunately situated concerns. This is 
radically wrong, even from a purely selfish point of view, for the 
more economical a generating plant may be, the more important 
it is that the fullest possible use should be made of it, and inter- 
connection in great superpower systems brings opportunities for 
the fullest use of the most efficient plants with corresponding 
economy and conservation. For example, a superior coal mine 
plant, say, in Pennsylvania, will gain much by interconnection 
with a New England, New York, and New Jersey superpower 
system, or still more by interconnection with St. Lawrence water 
powers, for by interconnection it will secure a fuller use of its 
plant and a relay or breakdown connection for use in emergencies. 

So to meet the certain need for more and more power, to enable 
industry to produce in greater fullness and society to live better, 
we should lay our plans on broader lines than heretofore and enter 
into relations that will conserve and serve by codrdinated power 
systems regardless of private interest or state or national boundaries. 


Joun R. Freeman. In many ways the Canadian people have 
shown-more foresight in the development of their natural resources 
than has been shown in the United States. It has been the duty 
of the Water Power Branch of the Canadian government to study 
the available water powers in advance, and to see that each one 
was developed to the best of its possibilities. All possible sites 
were mapped long before they had real commercial value, and 
surveys were on record, so that when a development was made 
there was no tendency to use the best and leave the remainder. 
The work of the Water Power Branch has been a model to the 
whole world, and there has been too little appreciation of the mag- 
nificent work it has done for twenty years, not only in the surveying 
of water-power sites but also in the actual building of storage 
reservoirs. 

Fifty years ago there were about 70 turbines in Lawrence, Mass., 
with a total of about 10,000 to 15,000 hp., and the Merrimac 
River was called the hardest-worked river in the world. At the 
present time more power is concentrated in one of the Chippawa 
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turbines than in all the 70 turbines at Lawrence, plus all the 
turbines then at Lowell and Manchester. 


W. Monror Wuite. It has been said that the reason why the 
American manufacturer could compete successfully in the markets 
of the world and yet pay much higher wages than were paid to 
workmen of other countries was because each American workman 
had behind him twice the horsepower per man that his competi- 
tor’s workmen had. Since the proportion of cost is in direct pro- 
portion to the amount of power expended in production, that 
workman who can direct the greatest amount of power will re- 
ceive the greatest wage. Power means prosperity. Engineers are 
urged to recommend the development of power in any form. 


P. S. Grecory.! While steam generators are a useful and even 
a necessary adjunct to most hydroelectric plants, the electric 
steam generators referred to are not to be confused with a coal- 
fired steam-generating plant. It is not the custom to have steam 

stand-by plants for hydroelectric stations in this country. 

~ In all rivers in Canada the flow varies considerably during the 
different seasons, and there are times in the year when there is 
more water than the amount necessary to generate the normal 
load of the power companies, and as a consequence water must be 
spilled over the dams. Electric steam generators have been de- 
signed to utilize the energy of this surplus water, and their design 
has been carried to a high state of development. There are two 
electric steam generators in the plant of the Laurentide Company 
at Grand Mere which, united, have a capacity of 60,000 kw., or 
6000 boiler hp., and in the mill at Shawinigan there is a steam 
generator of about 30,000 kw. capacity, or 3000 boiler hp. The 
power used in these steam generators is surplus power which other- 
wise would spill over the dam. 

The return from the power used in electric steam generators 
may be calculated as follows: One kilowatt-hour of electrical 
energy will produce about three pounds of steam at ordinary pres- 
sure, that is, at, say, 125 lb. per sq. in., because there are roughly 
1000 B.t.u. in one pound of steam under such conditions, and the 
energy in one kilowatt-hour is equivalent to 3412 B.t.u. At an 
average evaporation of 73 lb. of steam per pound of coal, which 
is a reasonable figure, one ton of coal will produce 15,000 lb. of 
steam, and the equivalent electrical energy is therefore 5000 kw-hr. 
If a ton of coal costs $10, 5000 kw-hr. must be sold for $10 if the 
power consumed in the electric boiler is sold on a fuel-substitution 
basis. $10 for 5000 kw-hr. is two mills per kilowatt-hour. There 
are 6500 kw-hr. in one horsepower-year at 100 per cent load factor. 
At two mills per kilowatt-hour, each horsepower-year will bring in 


1 Asst, to Vice-President, Shawinigan Water and Power Co., Montreal, 
Canada. 
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a return of $13. For different costs of coal the return per horse- 
power-year is in direct proportion. 

The interconnection which is made use of in Canada is inter- 
connection of water-power plants on different rivers, on different 
watersheds where the periods of high water vary. For instance, 
interconnection of the plants which are now developed or will be 
developed on the Saguenay River with the plants developed on 
the St. Lawrence would give a far shorter period of low water and 
a longer period of high water because the high-water period on the 
Saguenay is from three weeks to a month or more behind the 
high-water period on the St. Lawrence. This would also apply to 
plants further west which have their high-water period earlier 
than on the St. Lawrence. 


F. A. Gasy. Commenting on Mr. Darlington’s statement, 
pointing out the advantages of intercommunication between 
electric systems to combine the loads into large blocks and permit 
the use at all times of the most economical available source of 
power: Ontario’s smaller systems, operated by the Hydro-Electric 
Power Commission, are largely interconnected, and it is the pur- 
pose of the Commission to connect all systems (or at least the 
greater number), as soon as conditions warrant. For instance, the 
Eugenia, Severn and Wasdells systems are at present connected 
with the Niagara system, and it is the intention of the Commission 
to connect the Muskoka system with this group. This will afford 
considerable advantage to the smaller systems. 

On the Severn system the hydroelectric generating plants have 
very little storage and are high load factor plants, whereas on the 
Eugenia system the hydroelectric developments are essentially 
storage plants, the power from these developments depending on 
the storage of the run-off of the drainage district in which they 
are situated, so by a combination of the two the maximum result 
can be obtained. That is, the off-peak periods of the Severn system 
are uséd to augment the storage in the Eugenia system. . 

Ultimately 12 out of the 14 systems will be interconnected for 
the purpose of taking advantage, not only of the variation in flow 
in the water power supplying the different generating systems, 
but also to take advantage of the difference in the peak-load period 
on the different systems. As the systems at the present time cover 
a territory of 800 miles east and west, the peak loads on the various 
systems, due to difference in time between the points situated at a 
distance from one another, do not occur simultaneously, resulting 
in improved load factor. 
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MODERN HYDRAULIC TURBINES 
OF LARGE CAPACITY 


By H. G. Acres,! Niagara Fauus, Onrt., Canada 
Non-Member 


Modern super-turbine practice presents the problems of con- 
trolling high static pressures, of controlling and utilizing the flow 
characteristics in long pipe lines, and of controlling a highly ener- 
gized water column and handling the heavy revolving weights of 
generator and turbine. The author outlines the general specifications 
for apparatus to accomplish these objects, and shows how the 
development of the Johnson automatic plunger valve, the Johnson 
differential surge tank, and the Kingsbury thrust bearing have 
successfully solved the problem and made the modern turbine 
possible. Other refinements in design which have had a notable 
influence on turbine development are improvements in turbine gov- 
ernors, experimental work on draft tubes, methods of preventing 
leakage, and the Taylor sectional scroll case. Pitting and corrosion 
of runners can now be avoided by the adoption of a conservative 
specific speed. 

The improvement in efficiency of turbines is exemplified by the 
55,000-hp. units of the Queenston plant of the Hydro-Electric Power 
Commission of Ontario. These have a maximum efficiency of 93.5 
per cent, an efficiency at the pot of maximum discharge of 88 per 
cent, and a capacity range of 37,000 to 60,000 hp. at efficiencies of 
92 per cent or over. 

New developments in test methods include the Gibson process 
of determining the rate of flow in long closed pressure conduits, and 
the Allen “salt velocity” method of determining flow, which is 
especially applicable to short condwts of non-uniform section. The 
Gibson method is more accurate and precise than the electrical 
measurements used in conjunction with it. 


O* New Year’s Day of 1905 there was turned over in the 
plant of the Canadian Niagara Power Company, at Niag- 
ara Falls, the first 10,000-hp. turbine ever built. Almost exactly 
seventeen years later the first 55,000-hp. turbine ever built was 


1 Hydraulic Engineer, Hydro-Hlectric Power Commission of Ontario. 


Presented at the Spring Meeting, Montreal, Canada, May 28 to 31, 
1923, of Tus American Socinty or Mecuanican Eneinunrs. Slightly 
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turned over in the Queenston plant of the Hydro-Electric Power 
Commission. These two happenings mark an era of development 
which suggests an interesting subject for discussion, principally 
from the standpoint of the advances in the art that have made 
possible the construction and operation of turbines having capac- 
ities so greatly in excess of those which made history at Niagara 
less than twenty years ago. 

2 For the purpose of placing a reasonable limit on the scope 
of discussion, a hydraulic turbine of large capacity may be 
defined as one of not less than 25,000 hp. capacity, and having a 
revolving weight, with the generator rotor, of not less than 200 
tons, exclusive of hydraulic thrust. These limitations will elim- 
inate any consideration of low-head installations and will give 
prominence to certain problems which become increasingly seri- 
ous as the operating head ranges upward from 70 or 80 ft. As 
units of the class which has just been defined are rarely installed 
under heads as low as this specified minimum, the discussion is © 
therefore more or less limited to medium- and high-head plants. 

3 Where a high operating head is involved, there is always 
present the problem of controlling high static pressure in the 
interests of safety. In most cases there is also the problem of 
controlling and utilizing the flow characteristics of long pipe lines 
to insure not only safe but practicable operation. Finally, where 
a copious water supply is associated with a high head, there 
enter the problems of safely and efficiently controlling a heavily 
energized water column, and handling the immense revolving 
weight of the modern super-turbine. 

4 Briefly, it may be stated that since the 10,000-hp. proto- 
type of the modern super-turbine went into operation at Niagara 
eighteen years ago, the subsequent outstanding advances in the 
hydraulic art have been primarily in the direction of safer oper- 
ation, not only from the personal standpoint of the operator, 
but from the impersonal and hardly less important standpoint 
of the investor and customer. Another voint worth noting is 
that these advances, when they first materialized, had to do 
almost wholly with the contemporaneous conditions, and their 
possibilities as related to the present status of the art were more 
or less a matter of subsequent realization. In other words, these 
advances did not definitely anticipate the super-turbine, but 
their successful application to contemporaneous practice made 
its subsequent development technically and mechanically possible. 


Sratic-PressuRn ContTROL 


5 Control of static pressure involved in super-turbine water 
supply is a vital factor in relation to a maximum degree of 
safety and convenience in operation, and in continuity of plant 
output. Obviously the mechanism to exercise this function is 
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a valve, and such a valve, for super-turbine service, must have 
the following general specifications: 

a It must be built in any size necessary to accommodate any 
conduit, however large. 

6 It must be designed to operate under any static head, how- 
ever high. 

c Its operation must at all times be safe, sure, and positive 
in opening under full static pressure and in closing under the 
most serious plant emergencies, such as the breakage of a wheel 
case or a runaway resulting from failure of governor control. 

d It must open and close rapidly, and should have an auto- 
matic closing feature to meet the above-mentioned emergency 
conditions. 

6 Such a specification was not met by any valve until the 
advent of the Johnson automatic plunger valve, which is now an 
indispensible adjunct to super-turbine installation and consti- 
tutes one of the advances in the general art which contributed 
to the possibility of present-day super-turbine development. As 
it now stands, the Johnson valve is an adequate mechanism 
embodying the ideal elements of simplicity, strength, and eff- 
ciency. 


FLtow ContROL 


7 In the majority of cases the development of a high head in- 
volves the use of some type of closed pressure conduit of consid- 
erable length. In the case of an automatically governed plant 
where the ratio of head to length of conduit is more than about 
1: 10, certain phenomena become manifest which constitute a seri- 
ous menace to safe and practicable operation. The continuous re- 
jection and pulling on of load increments causes recurrent surges 
throughout the length of the conduit, which, if not damped out 
or relieved, will sometimes multiply and become superimposed 
to such an extent as to cause pressures enormously in excess of 
the static head. This condition, in conjunction with the con- 
version of pressure into-velocity head for acceleration purposes 
when a large increment of load is pulled on, will impose a duty 
on the governors which they are not intended to perform, and 
where long closed conduits are used with turbines gated beyond 
the point of maximum efficiency, as they nearly always are, a 
condition may obtain which is entirely beyond the regulating 
function of the governor. 

8 The power-discharge curve for the ordinary turbine will 
show a maximum production per second-foot at the point of 
best efficiency and the first derivative of this curve will show 
a rapidly decreasing rate of production per second-foot from 
that point to full gate. Consequently, every horsepower pulled 
on in excess of best-efficiency capacity will require a rapidly 
increasing amount of water to produce it. If, therefore, the 
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turbine is operating at or beyond the point of maximum effi- 
ciency when the system demands a large increment of load, there 
will be a falling off in production per unit of water supplied, 
and coincident therewith a loss of effective head, due to the 
absorption of such velocity head as is necessary to accelerate 
the water column. It is therefore evident that during the 
period when the water column is accelerating, a condition may 
obtain where the power output is actually falling off while the 
water input is increasing, the result being that the governor may 
open the gates full stroke in response to the falling speed, at 
which point its controlling function will cease, until either the 
system wr? holds the unit, with dropping frequency, for the 
space necessary for the governor to gradually resume control 
on rising speed, or until the generator drops its load and the 
turbine jumps to runaway speed at full gate, with possible 
disastrous consequences. 

9 In so far as the control of surge pressure is concerned, it 
is evident that if no practical limitations are placed upon it in 
the matter of diameter and height, the ordinary standpipe would 
be an ideal corrective agency. It is clear, however, that in the 
case of a large-capacity high-head installation unrestricted scope 
in design is wholly impracticable from the standpoint of both 
cost and space limitation. Furthermore, a simple standpipe, 
feasibly designed and located, may at times actually make more 
acute the conditions it is designed to correct or alleviate, due 
to the fact it can only passively absorb surge pressure, with its 
recurrent phases. For this reason it often acts as an agency for 
superimposing, one upon the other, pressure waves generated by 
successive changes in load. 

10 Another obvious expedient under this head is to limit the 
range of velocity change in the conduit by means of a synchro- 
nous bypass, actuated by the governor mechanism. Such a con- 
trivance may be adjusted to prevent the occurrence of disruptive 
pressures in the conduit, and also to supplement the influence 
of the system wr? in holding the unit within the regulating 
range of the governor when the unit is pulling on or rejecting 
load, but only by reason of the fact that the condition under 
discussion has not necessarily to do with the maximum con- 
duit velocity at any one time, but with the range of change 
in conduit velocity over a short period of time, and with the 
absorption and building up of head energy induced by these 
changes, within their low and high limits. 

ty The synchronous bypass therefore has a useful function, 
but in the case of a high-head super-turbine installation its use- 
fulness would be largely discounted by its cumbersome dimen- 
sions, its waste of water, and an added mechanical complexity 
which should be avoided whenever possible as a matter of 
principle. 
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12 The specifications of an ideal surge-control agency may 
now be defined as follows: 

a It should have the effectiveness of a simple standpipe of 
very large dimensions, without its cost and space requirements. 

6 It should be capable on the one hand of preventing, 
or counteracting the effect of, and undue absorption of head 
energy when load is pulled on, and, on the other hand, of 
preventing, or counteracting the effect of, any serious recurrent 
surge pressures arising from load rejections, whether isolated 
or successive. 

c The water surface should be sufficiently active to prevent 
freezing in ordinary low temperatures, and the dimensions should 
be such as to allow feasible and effective frost protection against 
extraordinarily low temperatures. 

d It should operate without wasting water. 

e It should be mechanically simple, with a minimum of moving 
parts and adjustments. 

f It should be entirely dissociated from the governor mechan- 
ism, leaving the governor free to perform its own peculiar and 
highly important function, which is to control the speed of the 
generator, and not the vagaries of the water column, 

13 This specification has been met with a large degree of 
effectiveness by the Johnson differential surge tank, one of the 
most useful and original inventions in the field of hydraulic 
engineering. Ample published data are available concerning its 
structural details and operating principle, and it is only neces- 
sary to state here that it constitutes another of the essential 
advances which have made possible the development and safe 
operation of the super-turbine. 


Revotvinc WEIGHTS 


14 ,The handling of the revolving weight of a modern super- 
turbine is governed largely by consideration of efficiency, a 
matter which will be discussed later, only the mechanical aspect 
of the problem being considered at this time. 

15 In the early days of hydraulic-turbine development the 
step bearing, a form of combined thrust and guide bearing 
located under the runner, was used almost exclusively for the sup- 
port of the revolving element. The subsequent gradual increase 
in the efficiency, speed, and capacity of turbine runners intro- 
duced problems of pressure intensity, depreciation, and accessi- 
bility, which were solved by abandoning the step-bearing prin- 
ciple and inaugurating the era of the horizontal-shaft turbine. 
This led to advanced development in bearings of the pillow-block 
type, together with the introduction of marine-type thrust 
bearings to take up unbalanced runner thrust, a double require- 
ment which gave rise to serious problems when the development 


46 MODERN HYDRAULIC TURBINES OF LARGE CAPACITY 


of electrical generation and transmission called for continuously 
increasing turbine capacity and speed. 

16 The subsequent development of the art under this head 
exemplifies a condition often met with in the field of engineering, 
where an inherently sound principle, after being. applied in a 
primitive way, suffers a period of eclipse through arrested 
development, and perhaps years afterward is revived or re- 
discovered, and becomes the basis of the ultimate solution. 

17 The original turbines installed in 1896 by the Niagara 
Falls Power Company represent the first reversion to the prim- 
itive basic principle. They were of the vertical-shaft type, the 
revolving weight being partially suspended from and partially 
superimposed on a step bearing located above the runner and 
immediately below the generator. This removed one of the 
main disadvantages of this type of bearing, that of inaccessibility. 
Another important innovation was the application of external 
pressure to a film of oil forced between the moving and station- 
ary elements of the bearing. 

18 Ojil-pressure thrust bearings were in vogue for many years, 
and some are still in operation. Their disabilities are: high 
investment and maintenance cost, mechanical complexity, and 
high temperature, resulting in low oil viscosity and high energy 
losses. Also, even a momentary failure of the pressure-oil 
supply usually results in the loss of the bearing. 

19 Finally there came the ultimate conception, based on the 
simple and true embodiment of a basic principle first established 
by the experiments of Tower in 1883 and mathematically dem- 
onstrated by Reynolds. Kingsbury exemplified this principle 
in a mechanism which is one of the outstanding examples of the 
simple and efficient application of a natural law. 

20 The Kingsbury-type thrust bearing has the following char- 
acteristics which distinguish it from its oil-pressure prototype and 
make it an eminently suitable mechanism for supporting, in 
motion, the revolving weight of the modern super-turbine: 


a It can be adapted to safely support the revolving weight 
of the heaviest turbine, within feasible dimensional limits. 

6 The source of oil supply is static, and integral with the 
bearing. 

c The oil supply is “unlimited” in the sense necessary to 
conform with tke laws of motion of viscous fluids as enunciated 
by Reynolds. 

d The formation of the “ pressure wedge” is not induced by 
any external agency but by the motion of the bearing itself, and 
by providing for a very slight lack of parallelism between the 
stationary and moving elements. 

e The wedge pressure is a direct function of the speed of the 
moving element, and the thickness of the oil film is a direct 


H. G. ACRES 47 


function of the degree of viscosity of the fluid, and consequently 
of fluid temperature, which can be regulated within any desired 
limits by the simple expedient of water-cooling coils. 

21 Apart altogether from their very material contribution 
to operating efficiency, the mechanisms above discussed intro- 
duce a factor of safety and dependability, either singly or in 
combination, without which the present-day status of super- 
turbine development would have been unattainable. 


REFINEMENTS IN DESIGN 


22 In considering turbine governors under this head the ques- 
tion arises as to whether or not the governor should be classed 
as an essential advance in the art. The point is, however, 
that the items above classified as essential advances have been 
radical departures from contemporary practice and have actu- 
ally opened up the possibilities of super-turbine development, 
whereas the turbine governor has been enlarged and improved 
more or less synchronously with the enlargement and improve- 
ment of the hydraulic turbine, and to meet the constantly in- 
creasing importance of the duty it has been called upon to 
perform. 

23 Governors. As the primary requirements of governor 
operation are precision and reliability, the natural trend of 
design has been in the direction of simplicity in principle, the 
reduction of lost motion by the use of a minimum of moving 
parts, and precise shop work. An interesting development along 
this line is the White shaft governor, where the centrifugal ele- 
ment is attached direct to the main turbine shaft, thus obviating 
the complication of a belt or gear drive for the flyballs. 

24 The double-compensation principle, with the restoring 
mechanism and load-limiting attachment, appears to meet all 
requirements of super-turbine governor control adequately and 
safely, and speed regulation is assured within safe operating 
limits for all gate movements up to the full stroke of the 
servomotors. Remote switchboard control has also been devel- 
oped to such a stage that there is considerable latitude as to 
the location of the actuator, which in some cases is now placed 
directly over the servomotor cylinders, in others on the ma- 
chine-room floor, and sometimes on the switchboard gallery. 

25 A useful adaptation of the Johnson valve principle has 
been devised by Taylor for interchanging governor and hand 
control. Two sets of plunger valves are used, one set on the 
governor and one on the hand control, and the throwing over 
of one hand lever will simultaneously close all the governor 
valves and open all the hand-control valves, or vice versa. This 
operation can be carried out in such a short interval of time 
that there is little or no chance of losing control of the turbine, 
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and no chance whatsoever of interfering with the proper se- 
quence of operation. dba 

26 One of the latest innovations in governor design is a 
motor-driven centrifugal element, the moter being located on 
the flyball spindle and synchronously actuated by the main 
generator. This device serves the same purpose as the shaft 
governor in that it eliminates the belt or gear drive. 

27 Draft Tubes. The activity which has manifested itself 
during the last four or five years in draft-tube investigation is 
directly traceable to the vogue of the super-turbine. There are 
two main reasons for this: First, the large concentration of 
power in a super-turbine permits an appreciable increment of 
useful power to be reclaimed as the result of a gain of only a 
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Fig. 1 SHowrne APPLICATION OF LABYRINTH SEAL AND OVERN 
Disk to HypRravuLic TURBINE FOR REDUCTION OF LEAKAGE 


fraction of one per cent in overall efficiency; second, the vibra- 
tion resulting from vortex action and unsteady vacuum becomes 
magnified in the super-turbine to such an extent as often to 
cause serious inconvenience in operation. The pioneer devel- 
opment under this head was the White hydraucone, which 
marked a distinct advance in this branch of the art. 

28 Briefly, the twofold object of recent draft-tube experi- 
mental research has been to regain as much as possible of the 
whirl component of the velocity head in the runner discharge, 
and to devise means of so training the combined axial and 
whirling flow, through appropriately designed water passages, as 
to minimize conditions giving rise to vibratory effects. All 
experiments carried on along this line by the principal turbine 
builders have definitely proved the inadequacy of all forms of 
the elbow-type tube, and have developed a series of types, more 
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or less correlated, which have given satisfactory results when 
tested under operating conditions. Of these types the Moody 
spreading tube seems to conform most logically to one’s con- 
ception of the conditions to be met. This is particularly the 
case in respect of a cone in the center of the Moody tube which 
extends from the invert to the lower extremity of the runner 
hub. Inasmuch as this cone solidly fills the region of maximum 
turbulence, it seems entirely reasonable to assume, even without 
experimental confirmation, that it will be effective in preventing 
cavitation and the formation of vortices, with their resultant 
vibratory effects. Serving this purpose it also naturally follows 
that it must effect a useful conversion of the hitherto wasted 


Fic. 2 SHowine APPLICATION OF OVERN Disk TO GUIDE VANES 
FOR REDUCTION OF LEAKAGE 


whirl energy of the central zone, realizing thereby a gain in 
efficiency as well as a betterment in operating conditions. 

29 Leakage Prevention. In a small high-head plant with 
which the author had something to do, the turbine showed 
85 per cent efficiency on acceptance test. A year later the 
efficiency had dropped to 67 per cent due to excessive leakage 
through the runner clearance spaces. The head in this case 
was 550 ft. and the circumference of the clearance spaces was 
about 14 ft. In the 55,000-hp. turbines at Queenston the head 
is about 250 ft. less, but the circumference of the runner clear- 
ances is about 65 ft. In the case of a runner of this size, under 
such a head, the leakage factor is a serious matter, and two of the 
most recent refinements in turbine design have been devised for 
the express purpose of meeting this condition: namely, the so- 
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called “labyrinth seal” for preventing leakage through the 
runner clearance space, and the Overn disk for preventing 
leakage through the gate clearances. . 

30 Instead of the ordinary simple seal consisting of a straight 
annular passage past the crown of the runner into the space 
under the head cover, and a similar passage past the runner 
band into the draft tube, the labyrinth seal, Fig. 1, consists of 
a series of alternately expanded and contracted passages which 
destroy the velocity head and reduce the head on the final free 
jet to one-third of its initial value. 

31 The Overn disk, Fig. 2, functions by introducing into the 
clearance space between the end of the gate vanes and the 


Fie. 3 Srcrion or TayLor SEcTIONAL Scro~tt Case SHOWING 
INTEGRAL Cast Stay VANES AND JOINTS SUBDIVIDING SECTIONS 


distributor plates an obstruction to the leakage flow considerably 
greater than the diameter of the gate shanks, thus effectively 
reducing the leakage at these points. 

32 Taylor Sectional Scroll Case. Where the head is suffi- 
ciently high to require the use of a cast-steel scroll case, a serious 
problem is introduced which has to do with the cantilever strain 
on the radial joints between the speed ring and the scroll case. 
With the ordinary design efficient bolt distribution is not prac- 
ticable, and in the shop pressure test, where the scroll is not 
supported by a surrounding mass of concrete, the bolts are 
sometimes stressed beyond the elastic limit, with resultant seri- 
ous leakage. This disability can be largely overcome by casting 
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the speed-ring stay vanes integral with the scroll sections, but 
the pouring and annealing of such a casting is most difficult and 
the results are not always certain. The Taylor sectional scroll 
case, Fig. 3, is just as effective and largely removes any un- 
certainty as to the quality of the casting. The speed-ring stay 
vanes are cast integral with a small radial section only of the 
scroll, and connected later by means of a joint to the main 
section of the scroll. This joint is so located as to permit of a 
heavy flange and efficient bolt spacing, and the castings are 
of such shape and dimensions that there is every assurance as 
to their quality after leaving the annealing furnace. The show- 
ing made by the sectional scroll case under shop pressure test 
indicated that no undue risk would be involved in setting the 
scroll in the open, with only so much concrete as might be 
necessary to secure a stable anchorage. 

33 With regard to the pitting and erosion of runners, super- 
turbine development has now reached a stage where this con- 
dition is no longer primarily a problem of design but of 
economics. If the customer so specifies, the manufacturer can 
select a specific speed and supply, al a price, a turbine in which 
the runner will have as long a period of useful life as the other 
major elements of the installation. Such a specification would, 
of course, involve additional capital expenditure for both gen- 
erator and turbine, but as against this it must be realized that 
the modern super-turbine frequently has a capacity which 
enables it to earn upward of $2500 every twenty-four hours. 
Consequently the lost revenue charge against runner replace- 
ment in a fully loaded unit may easily run as high as $25,000. 
If this were necessary every two years, it would be equivalent, 
on a 6 per cent basis, to a capital charge of $200,000. Such 
being the case, it is evident that the choice of a proper economic 
specific speed is a matter deserving the most careful and mature 
consideration, being a factor of at least equal importance with 
proper gateage and elevation relative to tailwater. 


EFFICIENCY 


34 The overall maximum efficiency of the Queenston units 
is well beyond 90 per cent, and within their maximum efficiency 
range they deliver about 32 e.hp. to the switchboard for every 
second-foot of water supplied under 305 ft. of net head. Under 
such conditions a variation of one per cent, one way or the 
other, on one of these 55,000-hp. units would mean either the 
lack, or the availability, of sufficient power to meet the re- 
quirements of an average community of 2000 population. This 
statement emphasizes the significance of high efficiency as re- 
lated to super-turbine practice. 

35 The primary factor making for high efficiency is a mini- 
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mum of obstruction to the direct flow of water from forebay to 
tailrace. This consideration involves water passages of ample 
section, with changes in direction of flow eliminated wherever 
possible, and where unavoidable, careful proportioning and. transi- 
tioning. These requirements constitute the general definition of 
high efficiency and are exemplified in the carefully designed 
annular water passages in the Johnson valve, in the wheel case, 
speed ring, runner, and draft tube of the modern super-turbine, 
and also in the total elimination of one change in direction of 


65 


60 


8 
Efficiency Per Cent 


£5 


S 


a 
(e} 


is 
Oo 


Horsepower in Thousands 
as 
(e3) 


el ce one! ite 
A 
fj] |} 


800 1000 1200 1400 1600 1800 2900 
Discharge Cu. Ft. per Sec. 


Fie. 4 Powrr-DIscHARGE AND EFFICIENCY CURVES OF ONE OF 
THE QUEENSTON TURBINES 


flow entering the wheel case, by vertically suspending the re- 
volving weight from a Kingsbury-type bearing. Secondary but 
none the less significant factors are the elimination of leakage, 
low power loss in thrust and guide bearings, and expert shop 
work. 

36 The proper handling and correlation of these various fac- 
tors is exemplified in Fig. 4, which shows the efficiency and 
power-discharge curve for one of the Queenston turbines. The 
matters of interest in connection with these curves are: 

1 The maximum efficiency is 934 per cent. 
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2 The efficiency at the point of maximum discharge is 88 
per cent. 

3 The turbine has a capacity range of 32,000 to 63,000 hp. at 
efficiencies of 90 per cent or over, and a capacity range of 
37,000 to 60,000 hp. at efficiencies of 92 per cent or over. 

37 Fig. 5 shows the overall switchboard efficiency curve of 
the same unit, and indicates a maximum overall efficiency of 
91 per cent. The outstanding fact in connection with these results 
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is that the modern super-turbine is capable of converting into 
mechanical energy all but 7 per cent of the gross potential energy 
of the water. Extreme conservatism in the fixing of specific speed, 
and the combined effect of further small refinements in the 
design of water passages, may possibly raise this efficiency 
another per cent in the future, and may give the curve a slightly 
more advantageous shape, but it would really appear that the 
super-turbine of the present day embodies the ultimate in 
respect of water economy at the point of best efficiency. 

38 Fig. 6 represents the first derivative of the power-discharge 
curve of one of the Queenston turbines. As its name implies, 
this curve is derived by plotting the horsepower per second-foot 
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produced, in various regions of gate opening at and beyond the 
point of maximum efficiency, by a very small opening movement 
of the gates. It therefore shows the rate of gain in power for 
increasing water input. It will be seen that when operating at 
the point of maximum efficiency with a water input of 1600 sec-ft. 
the gain in power for one additional second-foot supplied is 32 hp. 
On the other hand, at full gate, when the turbine is taking water 
to the extreme limit of gate opening, the gain in power for one 
additional second-foot supplied is only about 10.5 hp. 

39 The two extremes above cited illustrate the significance 
of statements made under the head of flow control, and also 
confirm the truth of the following: that under high heads, 
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where the gross potentiality per second-foot of water is corre- 
spondingly great, it is in the best interests of economy, as well 
as safety, to operate normally at the point of best efficiency, 
and to employ the excess capacity of an overgated turbine for 
emergency purposes only, and not for routine operation. This 
statement has greater significance when the water supply is arti- 
ficially stored. Furthermore it is obvious that as the point of 
maximum efficiency is also the point of minimum hydraulic loss, 
the rate of runner deterioration at this point must also be a 
minimum. From this point on the rate of runner deterioration 
is an accelerating progression, directly related to the degree of 
overgate. 

40 The matter of turbine gateage has not, in the past, re- 
ceived the attention it deserves from the purchaser. It does 
not particularly interest the manufacturer, and must be covered, 
if at all, by the customer’s specifications. It would also appear 
that the main factor offsetting the above argument is one of 
cost and not of engineering: namely, the additional cost, if 
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any, of providing emergency plant capacity in the form of a 
separately installed unit or units, instead of relying on the 
overgate capacity of the normal installation. 

41 It may be stated in conclusion that generalizations have 
probably less weight in hydraulic work than in any other branch 
of engineering. Nearly every prospective installation is a prob- 
lem in itself, and no class of construction work is less governed 
by precedent. 


Test Mernops 


42 The factors entering into a turbine test are forebay- and 
tailwater-level measurements, net head measurements, records of 
gate opening, and measurements of power and flow. Most of 
these factors are susceptible of easy and accurate determination 
by well-established methods, but in the case of flow the immense 
quantity of water taken by the modern super-turbine introduces 
an almost insurmountable problem as regards accurate measure- 
ment by ordinary means. However, there has recently been 
devised a method of flow measurement in closed pressure con- 
duits which, by reason of its accuracy, cheap application, and 
conformity to an established principle of natural law, entitles 
it to be classed among the essential advances in the hydraulic 
art as related to super-turbine practice. 

43 The Gibson Method of Flow Measurement. This method 
of flow measurement, known as the Gibson process, is based in 
principle upon Newton’s second law of motion, and upon the 
less generally known theorem of Joukovsky, which is to the 
effect that when the velocity of flow in a closed pressure conduit 
is retarded an oscillatory pressure wave is induced, the in- 
tensity and amplitude of which is proportional to the degree of 
retardation and to the duration of the period over which the 
retarding influence acts. Briefly, Gibson used the penstock and 
turbine gates to produce the Joukovsky pressure wave, which 
he recorded graphically with an apparatus of his own devising 
and then reduced the result by the mathematical process of 
Newton’s second law. 

44 The method is therefore almost unique in the field of 
practical hydraulics in that it involves no empirical constants 
whatever, and the mathematical accuracy of the result is limited 
only by a relatively small instrumental and personal error 
involved in graphically recording and measuring the pressure 
wave. The Gibson process has been fully described in the 
technical press, and it is not the intention here to cover the 
details of its theory or application. It might be well, however, 
briefly to describe the method of obtaining and using the “ pres- 
sure-time ” diagram which forms the basis of computation. 

45 The recording apparatus consists of a mercury U-tube 
connected to the penstock through a {-in. pipe. The glass leg 
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of this U-tube is connected to a camera box containing a lens 
focusing on a light-proof cylinder which carries a sensitized film 
and revolves at constant speed behind an oscillating seconds 
pendulum. When gate closure occurs, the mercury column in 
front of the lens rises and falls with the pressure wave, and the 
record is printed on the revolving film. At the same time the 
stem of the pendulum, swinging across the face of the lens, records 
the time period of gate closure on the film in the form of a 
vertical black line. 

46 Fig. 7 illustrates a typical pressure-time diagram thus 
obtained. The point A represents balanced conditions in the 
system just previous to gate closure. The distance from A to 
the vertical line HF represents the full-time period of gate 


Fic. 7 Typicat Pressure-Time DiacGraM OBTAINED IN FLOW 
MEASUREMENT BY THE GIBSON PROCESS 


closure. The oscillations to the left of the lme HF are due to 
the mercury column gradually stabilizing by friction, until .at 
the point P static head is registered, with the penstock water 
column at rest. The vertical distance between the point A and 
the point P therefore represents, to the scale of the diagram, 
the recovery of velocity and friction head. The lines J represent 
the second intervals recorded by the pendulum. 

47 The total area above the base line, and to the point of 
gate closure at F’, represents a total energy absorption containing 
three. separate elements, velocity head, friction head, and the 
destroyed momentum of the water column. This latter element 
being the one required for the application of Newton’s second 
law, it follows that the energy absorption due to recovery of 
velocity and friction head must be segregated. 

48 At the point A it is evident that the full value of velocity 
and friction head is existent, while it is equally obvious that at 
F, the point of final gate closure, this energy has been fully 
recovered. The line AHGF, technically known as the “ recovery 
line,” divides the total energy area into two parts, the upper 
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part of which, ABCDEFGH, represents the value sought, namely, 
the destroyed momentum of the water column. The area below 
the recovery line of course represents the sum of the other two 
elements, friction and velocity head. Intermediate points be- 
tween A and P on this line are obtainable through the fact that 
the area generated at the end of any partial period of gate 
closure is proportional to the amount of flow reduction at that 
point, and also that the velocity and friction heads still un- 
absorbed are proportional to the square of the residual flow. 
The intermediate points G and H were determined on the basis 
of these relationships, through the medium of the measured 
sub-areas A,, A,, A,, and A,. 

49 A test of one of the Queenston units, with all the other 
necessary operations in connection with head and gate-opening 
measurement, etc., was made complete within about four and 
one-half hours, and included 28 separate runs at various gate 
openings, an average of ten minutes per run. The unit itself 
was out of commercial operation for about one hour altogether, 
showing clearly the facility and cheapness with which the Gibson 
test can be carried out. 

50 An interesting feature of these tests manifested itself in 
an apparent inconsistency in some of the finally computed points 
for the efficiency curve, which varied for equal power outputs. 
This trouble was due to a discrepancy in the power readings, 
which were actually correct in themselves within the error limits 
of laboratory standards. The reason is that under the Gibson 
process the velocity measured is that existing at the instant 
the gates begin to move, and if the speed of the unit is perfectly 
uniform at this instant, the corresponding power reading will 
be correct for the measured discharge. If, however, at the 
instant of the flow measurement the unit is in process of a 
speed change even so small as to be unnoticed on the frequency 
meter or tachometer, an error will be introduced in the elec- 
trical power measurement which the Gibson process is sufficiently 
precise to detect. 

51 The flywheel effect of the Queenston generators is 
21,000,000 lb-ft.?.. If, at the imstant of a flow determination, the 
speed of the unit is dropping at even so small a rate as one 
cycle in ten seconds, there is 570 hp. registered on the wattmeters 
which the wr? of the generator is supplying, but not the water 
as measured. 

52 Conversely, if the speed of the unit is in process of in- 
crease at the rate of one cycle in ten seconds, there is 570 hp. 
which is not being registered on the wattmeters, but which the 
water, as measured, is actually supplying, for absorption by the 
generator wr?. ; 

53 This means that for any one value of discharge there 
may be any number of wattmeter measurements which may 
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possibly be in error in any amount up to 1000 hp. It is possible 
that this disability may be overcome by devising some simple 
means of recording the minute speed change of the unit syn- 
chronously with the instant of flow measurement, and thus 
permit a proper correction to be applied to the power readings. 

54 The Salt Velocity Method of Measuring Flow. ‘The use 
of the Gibson process is naturally limited to conditions which 
are properly conducive to the production of the phenomena 
upon which the theory is based, the first essential being a closed 
pressure conduit of reasonable length. In short conduits, say, 
50 to 60 ft. long, more especially if they have at the same time 
a non-uniform section, it becomes necessary to apply correction 
factors which have a greater relative influence on the ultimate 
accuracy of the result than is the case with long conduits. It 
so happens, however, that the recently devised Allen “salt 
velocity ” method of measuring flow is susceptible of application 
to short as well as to long conduits and to non-uniform as well 
as uniform sections, the accuracy of the final result being de- 
pendent, not upon pressure rise, but on the refinement of method 
and money outlay applied to the injection of a salt solution, 
the time of passage of which, through a fixed length of conduit, 
forms the basis of the final computation. Practical applications 
appear to indicate that it has a useful function and will become 
a recognized process as related to this branch of hydraulic 
engineering. 

55 In conclusion, it may be well to call attention to the fact 
that the definition of a turbine of large capacity, as given in 
the preamble of this paper, is applicable in particular to the 
Francis type, as there are now in operation, under heads of less 
than 70 ft., super-turbines which would come within the defi- 
nition as regards capacity and revolving weight. These turbines 
are, however, of the new propeller type and any discussion of 
this new departure in turbine design would open up a subject 
far beyond the scope of this paper. 


DISCUSSION 


R. W. Aneus. It appears from consideration of the present 
paper that much of what is said will apply with equal force to 
medium- as well as large-sized units, and much of it to low- as 
well as high-head plants. Surges are present in all plants having 
long, closed supply conduits, and the magnitude of the surge 
depends on the friction in the line and on its length and the initial 
and final velocities in the conduit, as well as on the diameters of 
the pipe and tank, but is independent of the head on the plant. 
The control of surges thus is really of more vital importance in 
low-head than in high-head plants. 
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Improvements in accessories have done very much to bring 
about the present advanced state of the hydraulic turbine, not the 
least important of these being the surge tank and the modern 
hydraulic valve. The perfection of the vertical thrust bearing 
has also been one of the greatest elements in the development of 
the vertical unit, which type of unit would otherwise have been 
impossible. 

The author has spoken of the modern draft tube as an important 
device, and it has meant much to the large turbines, but as the 
paper excludes the low-head installation, it appears that the form 
of draft tube is not as important in high-head plants as we are 
often led to believe. In the modern low-head turbine of high 
specific speed the water enters the top of the draft tube with a 
high velocity of whirl, and the ordinary bent tube is unable to 
regain efficiently the energy in the water leaving the turbine. 
The water in such a tube whirls as it passes around the bend and 
the discharge conditions are bad. In this case the tube must have 
a special form, capable of recovering the energy leaving the wheel, 
and the hydraucone and spreading draft tube appear well suited 
to this purpose. 

On the higher-head plants, wheels of comparatively low specific 
speed are always used, and it is relatively easy to deliver the 
water to the top of the draft tube in an axial direction at the 
load showing highest efficiency. If this is done the straight taper- 
ing tube, or even the quarter-turn tube, gives good results. It is 
true that the water will whirl at every load but one, and the spread- 
ing tube may show higher efficiencies on these loads than the 
quarter-turn tube does, but there is not yet enough published 
evidence in this connection to permit conclusions being drawn. 

The author has given the results of tests on some of the wheels 
at the Chippawa plant, but does not state whether these are all 
for the one unit or not. The Chippawa plant was so designed 
that one turbine has the bent draft tube while others are made 
with the spreading tube, and if Mr. Acres would supplement his 
paper with test results on both types it would throw considerable 
light on the draft-tube problem. 

Leakage is a serious matter in high-head plants and the author 
mentions two wheels, on one of which he has definite information 
about leakage loss. Judging by the head, the higher-head wheel 
would have a power of less than 5000 or 6000 hp. and the propor- 
tionate leakage in it would be much greater than in the Queenston 
wheels, so that, based on this illustration, leakage is relatively 
much more objectionable in the high-head, smaller units than in 
the larger ones. Water-turbine builders are trying the labyrinth 
packing, which has long been in use on steam turbines and turbine 
pumps. In both of these cases the rings have been used on’smaller 
diameters than on water turbines and this fact makes the use of 
the labyrinth more problematical on water turbines than on 
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pumps and steam turbines, although it seems to offer a good 
solution to the leakage problem. 

The author’s tests and the efficiencies are most interesting and 
will be looked upon as indication of very marked advance in 
turbine design. The high efficiency of 93 per cent not only means 
efficient use of the water but longer life to the turbine, and the high 
efficiency over a wide range of loads is very desirable. Referring 
to the question of making reliable tests, there is serious danger of 
hurrying the work too much, and it does not seem desirable to 
shorten the tests unduly. Averages taken over a reasonably long 
time with steady loads would obviate the difficulty mentioned 
by the author, as he states that errors up to nearly two per cent 
are possible. I do not believe that the actual errors are as large 
as the author suggests are possible, but in any event they show 
that different methods of testing will produce different efficiencies 
on the same run, and the methods should be so standardized as 
to avoid this uncertainty of results. 


H. Brrcuarp Tayitor. The Queenston project has been carried 
out substantially in accordance with the original program with 
respect to the unit capacity of the turbines. In the design of 
the turbines many new and interesting problems were involved 
due to their unprecedented capacity, to the large sizes of the 
castings required, and the unusual machine-shop processes involved 
in the construction of the turbines. Practically every improve- 
ment which has been developed in the art of turbine design and 
construction for high-head turbines has been incorporated in the 
units installed at Queenston. 

When units of such large powers are adopted, calling for the 
delivery of 55,000 to 60,000 hp. per unit, the importance of such 
questions as the attainment and continued maintenance of high 
efficiency, the elimination of corrosion of the runner, the avoidance 
of dangerous water hammer or vibration, the prevention of per- 
manent injury from wear and tear by the provision of renewable 
parts, and careful study of operating requirements, becomes 
evident. The author’s figures make it clear that an enforced 
interruption of service would not have to last many days to 
produce a loss exceeding the entire cost of a turbine unit. Any 
safeguards against interruptions of service either in the provi- 
sion of auxiliary protection, such as the penstock valve, or in 
the construction of the turbine itself, will easily justify a large 
capital outlay. ; 

When turbine units of 55,000 hp. capacity were suggested by 
the author in 1911, it was felt then that units of such capacity 
represented a radical step. Today we not only find these units 
in successful operation but there are now being constructed for 
the Niagara Falls Power Company units of 70,000 hp., and it 
would appear that the factors which will put a limit on the power 
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capacity of the turbine for developments being carried out in the 
future will be factors other than those involved in the construction 
of the turbine itself. Possibly the limiting factors will be found 
in the problem of continuity of service, but even in considering 
this factor it is reasonable to conclude that with the intercon- 
nection of power installations in great systems which is now taking 
place and will inevitably continue to take place, units of even 
larger capacity than any so far built, when feeding such large 
systems, will be just as dependable as units of smaller capacity 
have been when connected to systems of lesser magnitude. 


Lewis F. Moopy. Any one who investigates the manner in 
which the engineering of the Queenston plant has been carried 
out will be impressed by the purpose which has continuously been 
kept in mind by the author and his engineering staff to secure the 
best possible solution for every element of the plant design and by 
their adoption of new solutions for many problems arising in the 
design, whenever a new departure could be demonstrated to have 
advantages, even if its adoption was entirely contrary to accepted 
standards. There was well-established precedent for the use of 
many new features, for example, the Johnson valve, the spreading 
draft tube, and the Gibson method of testing the completed unit. 
Other features, such as Mr. Taylor’s method of constructing the 
turbine casing without a separate speed ring, were worked out 
for the Queenston plant for the first time. Even in the features 
which had been previously tried out, however, an additional 
problem was introduced at Queenston due merely to the unprece- 
dented capacity of the turbines. The Johnson valve required 
in these units was as large as the largest which had previously been 
built and had to be designed to operate under a head 50 per cent 
higher. The draft-tube designs had been previously developed 
but the responsibility placed upon the draft tubes in these units 
is greater than in others so far completed, just as the runner design 
and other hydraulic features assume increased importance due to 
the great amount of power involved. A difference of one per cent 
in turbine efficiency in all the units at Queenston means the loss 
of an amount of power greater than the entire output of one of 
the 5000-hp. turbines installed in the first plant of the Niagara 
Falls Power Company, turbines which far exceeded in capacity 
anything previously proposed up to that time. 

The author in his specification for the penstock valve for installa- 
tions of this magnitude enumerates the most vital points which 
must be covered. A supplementary feature which should also be 
considered is that of tightness. If the penstock valve passes any 
appreciable amount of leakage, it is unfitted for location close to 
the turbine for the purpose of permitting quick access to the 
turbine without unwatering the penstock. Another important 
feature is that the motion of the valve should not require the 
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dragging of an unlubricated surface tangentially over another 
under a heavy normal pressure caused by the static head. The 
Johnson valve meets both of these additional considerations, as 
the seating takes place by a motion at a large angle to the seating 
surfaces, and only at the time of final closing does a heavy pressure 
due to the static head force the surfaces against each other, thus 
effecting extremely tight closure. 

In connection with the author’s reference to the design of spread- 
ing draft tube adopted for the last three units at Queenston in which 
a central core is extended all the way to the runner, it may be of 
interest to append hereto comparative tests recently carried out 
under the direction of Hugh L. Cooper & Co., for the U. 8S. War 
Department. These tests were made in the I. P. Morris laboratory 
in Philadelphia, under the direction of engineers representing 
Hugh L. Cooper & Co. and the War Department. The turbine 
was of very much higher specific speed than the units at Queenston 
and consequently involved a more severe draft-tube problem due 
to the relatively much greater tangential or whirl component 
present in the water leaving the runner. A draft tube which satis- 
factorily meets the requirements of this high-specific-speed turbine, 
however, will be equally applicable to the low-specific-speed turbine 
and its ability to regain energy of whirl will be effective in im- 
proving over-gate and part-gate performance in a lower-specific- 
speed installation. The particular form of spreading draft tube 
shown in these tests by the curve giving the highest efficiency was 
one in which the central core was carried to the runner as in the 
latest Queenston units. In Fig. 8 the efficiency has been plotted 
against the actual power output of the turbine when equipped 
with the various tubes shown in cross-section at the top of the 
figure. In Fig. 9 the same efficiencies have been plotted on the 
basis of the percentage of the full power capacity of the turbine 
when equipped with each tube, thus giving comparative results 
for equal percentage of full-load. The tests were undertaken 
primarily to see whether it would be possible by a simplification 
of design or the use of an elbow form of tube to reduce the cost 
of the power-house substructure sufficiently to balance the loss 
in efficiency. The increase in turbine efficiency secured by the 
use of the spreading type of tube is so substantial that its use is 
fully justified. It might also be of interest to mention that since 
the spreading form of tube was adopted for the Niagara Falls 
Power Company’s ‘‘Hydraulic” plant and for the Queenston 
Station its use has continued until today it has been adopted for 
installations either built or building, which aggregate approxi- 
mately 1,750,000 hp. 


H. A. 8. Howarrn. The author has mentioned the Kingsbury 
thrust bearing as one of the radical departures from contemporary 
practice that has made possible the super-turbine. This bearing 
was developed by Professor Albert Kingsbury subsequent to his 
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study of Professor Osborne Reynolds’ mathematical analysis of 
the experiments of Beauchamp Tower, which established that 
the lubricating oil film between two plane bearing surfaces must 
be wedge-shaped, and that in a journal bearing the oil film must 
be thicker where the oil enters than where it leaves. Professor 
Kingsbury had proved, experimentally in an air lubricated bearing, 
the existence of a continuous lubricating film that completely 
separated the journal from its bearing. He had measured the 
film thicknesses and pressures and found that the net pressure of 
the film balanced the load on the journal. 

The Kingsbury bearing resulted from those studies and experi- 
_ ments. Its characteristic feature is the construction and mounting 
of one of the two bearing members so that the sections or segments 
of its surface automatically adjust themselves with relation to the 
other member so as to permit the formation of wedge-shaped oil 
films of the dimensions and proportions required by the operating 
conditions. The same mounting of the segmental surface that 
will serve best for one set of operating conditions of load, speed, 
and lubricant, will serve equally well for any other. The oil films 
begin to form under even very heavy loads, as soon as the bearing 
begins to turn, and complete films are established in a fraction of 
a revolution. The thickness of the film increases and its shape 
changes with increase of speed. By a suitable choice of lubricant 
and unit pressure the Kingsbury bearing can be successfully used 
for any speed and load, high or low, that is likely to occur. 

The Michell bearing is of the Kingsbury type. It was inde- 
pendently invented by an Australian engineer, who also acknowl- 
edges his indebtedness to the mathematical treatise of Professor 
Reynolds. Although Professor Kingsbury’s invention was several 
years prior to Mr. Michell’s, the latter’s British patent was issued 
a few years before the first Kingsbury patent in the United States. 


Witit1s4m Monroe Wuite. The writer is heartily in accord 
with the author’s remarks on specific speeds. The insistence of 
electrical engineers on higher speeds means greater liability to 
pitting and corrosion. Mr. Acres is the first representative of 
the customer to say that the customer should also assume liability 
for some of the changes or damages resulting from higher speeds. 
The writer appreciates the author’s reference to the hydraucone, 
and desires to pay a tribute to Mr. Moody’s work. He desires to 
point out, however, that the hydraucone and the spreading draft 
tube are one and the same thing. Tests have shown that when 
the cone is taken out the results are the same. Mr. Moody’s work, 
however, has shown that the cone steadies the performance of 
the unit, and the bringing up of the central cone to the hub of the 
runner may prove a valuable addition. 


C. M. Auten. The salt velocity method of determining flow 
which has been mentioned by the author consists in introducing a 
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charge of salt water into a pipe line, and noting the elapsed time 
from its introduction until it leaves the pipe. It is then only 
necessary to divide the volume by the time to obtain the rate of 
flow, without any coefficients, factors, or corrections. By means 
of electrical recording devices, the passage of the salt solution can 
be accurately recorded, and if at the same time seconds are noted 
on the chart, all the events are recorded on the one chart. 

The Gibson method, which uses the fundamental laws of momen- 
tum, is absolutely different but just as good. There have not 
been many opportunities to use both methods at the same time, 
but in the few cases where it has been possible they have absolutely 
checked each other. It should be impressed on every one who has 
to do with water power plants that if there is any apparatus on the 
job that can be used as a meter, it should be so used. The John- 
son valve can be used as a meter by noting the difference in pres- 
sure head above and below the valve, and gives a first-class method 
of measuring water. It is just as important to measure the input 
into a plant as to measure the output. 


Tue AvutHor. In connection with the remarks of Professor 
Angus as to low-head surges, it may be said that in low-head 
installations, surges and draft-tube conditions become major 
factors in design. As the scope of the paper was limited to high- 
head plants, it was impossible to give these subjects the discussion 
they would have merited in any discussion of low-head plants. 

With regard to the question of error introduced into load meas- 
urements, it is quite true that the paper gives figures which indicate 
the possibility of a 2 per cent error. As a matter of fact, this 
phenomenon does not occur with every test run, and cannot occur 
when the load is really steady at the start of gate closure. It 
was merely mentioned to bring out the fact that in very large 
units there is no such thing as a ‘“‘steady load,” in the strictly - 
academic sense; that is, where the load, over an appreciable 
period, corresponds exactly to any instantaneous value of the 
load during such period. The point is that the Gibson method 
was sufficiently precise to trace the error to its source, and to 
prove that it was due to minute speed oscillations and not to lack 
of refinement in velocity measurement, as might naturally have 
been assumed had one of the older methods been used. 

In connection with Mr. White’s comparison of the hydraucone 
and the spreading draft tube with the solid cone, what he says is 
substantially true with regard to the overall efficiency of a high- 
head unit, but from the operating standpoint, vibratory effects 
are now often a factor of primary concern. When Mr. White 
was carrying out his experiments on the hydraucone this was not 
the case, but with the advent of the super-turbine, and the attend- 
ant evolution of power-house design, the elimination of vibration 
and secondary resonant effects has become a serious problem of 
design and operation. 


No. 1889 
THE OIL VENTURI METER 


By Ep 8. Smrru, Jr.,! Provipencg, R. I. 
Junior Member of the Society 


The paper presents a method of applying the venturi meter to the 
measurement of the flow of oil and other viscous fluids. It gives a chart 
showing value of the venturi-meter coefficient ‘‘C”’ over a range of turbulence 
from 0.0003 to 200,000, and flow graphs for a typical meter, by means 
of which the quantity flowing may be determined when a few easily 
measured constants are known. 


rT HE venturi meter furnishes a means for accurately measuring 

the flow of liquids and gases in pipe lines within certain limits. 
These limits, however, must be known, and they are determined 
by the corresponding values of the turbulence, also known as 
Reynolds’ criterion and defined by the method of dimensions as 
Qg/du. The theory underlying the method of calibrating the 
meter described below is not essentially new, but has been dis- 
cussed by W. J. Walker and W. N. Bond as noted in references 
at the end of the paper. 

2 In order to use the venturi meter with accuracy, the size 
and form of the tube must be known, and also the viscosity and 
density of the fluid. The several standard viscosimeters in common 
use in the oil industry determine the viscosity of liquids with com- 
mercial speed and sufficient precision. 

3 The values of the coefficient of the venturi meter have been 
determined for a wide range of turbulences. The coefficient ap- 
proaches unity at high turbulences but drops rapidly just above 
the upper critical turbulence and approaches zero as the turbulence 
approaches zero. This decrease of the coefficient is due chiefly to 
the increase of the friction pressure loss of the tube relative to the 
theoretical pressure drop, i.e., that pressure drop causing the in- 
crease of velocity from the entrance to the contracted throat of 
the meter. 

4 Fig. 3 is an example of the most convenient form of cali- 


1 Assistant Mechanical Engineer, Builders Iron Foundry. 


Presented at the Pacific Coast Regional Meeting of Tue AMERICAN 
Socrmry or MrcuanicaL Encinerrs, Los Angeles, Cal., April 16 to 18, 
1923. 
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bration for actual use, and is the result of two years’ use of this 
method of calibrating the venturi meter with viscous oils. 


CALIBRATION BY THE MertHop or DIMENSIONS 


5 The increasing use of continuous processes in the oil-refining 
and other industries is bringing the venturi and other continuous 
flow meters into common use for the measurement of a large vari- 
ety of fluids. As the viscosity of liquids may now be commercially 
determined, it is possible to use these meters with a method of 
calibration which is both simple and exact. 

6 The method of dimensions has been in use for several years 
in the computation of friction pressure loss in pipe lines carrying 
viscous oils.1 

7 The calibration has been extended to low values of the tur- 
bulence by employing data obtained by the author in tests con- 
ducted on a model venturi meter at the University of California. 
Grateful acknowledgment is made to Dr. Baldwin M. Woods, 
professor of aerodynamics, and to L. C. Uren, professor of pe- 
troleum technology, both of that institution, for their generous 
assistance. 

8 The symbols and formulas used are as follows: 


q = quantity, cu. ft. per sec. 
Q =quantity, U.S. gal. per min. = 448.9q¢ 
u/g = kinematic viscosity, sq. cm. per sec. 


u = absolute viscosity, grams per cm-sec. 

g = density (specific gravity, approximately), grams per cu. cm. 

d  =diameter of pipe, i.e., the same as the approach to the venturi 
tube, in. 

ad = cross-sectional area of pipe, sq. ft. 

a2 = area of throat of venturi tube, sq. ft. aha: 

H = differential head of liquid in venturi tube from the approach to 


‘the throat, ft. 
= differential head of mercury in manometer measuring H, in. 
= coefficient for the venturi meter; see Equation [1] 
= friction pressure loss in pipe line per 1000 lineal ft., Ib. per sq. in. 
= coefficient for friction pressure loss in pipe line; see Equation [2] 
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9 Fig. 1 shows the value of the venturi-meter coefficient C as 
determined by actual experiments over a range of turbulence from 
0.0008 to 200,000. 

10 The friction-pressure-loss coefficient for pipe lines is also 


ey Q> 
I 


1 See The Friction Pressure Loss in Oil Pipe Lines, compiled by R. 8. 
Danforth and published by the Kinney Mfg. Co., of San Francisco, Cal. 
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shown, the lower critical turbulence a occurring at 64 and the 
higher critical turbulence b at 85. From zero to 64 the flow is 
known as “viscous” or “streamline” flow, and the friction loss 
varies as the first power of the velocity. From 64 to 85 the flow 
may be termed “superturbulent,” as the friction pressure loss 
varies as the cube of the velocity. From 85 to infinity the flow is 
known as “turbulent” or “hydraulic,” and the friction pressure 
loss varies as a power of the velocity (the 1.75 power for smooth 
steel pipe lines such as are ordinarily used for oil transportation), 
with the square of the velocity as the upper limit for very rough 
pipe. 

11 As the coefficient of the venturi meter is partly dependent 
upon the friction pressure loss along the venturi tube, it is ap- 
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Fic. 1 Vawturs oF VENTURI-METER COEFFICIENT C AS’ DETERMINED 
OVER A RANGE OF TURBULENCE FROM 0.0003 To 200,000 


parent that the law of variation of the coefficient with the turbu- 
lence will not be the same for the three types of flow and that 
consequently the graphical method of handling the coefficient is 
preferable to the use of an algebraic formula. 

12 Fig. 2 provides an accurate calibration for the two types of 
venturi meters in common use in the United States, the Builders 
Tron Foundry and the Simplex Standard. 

13 The Builders Iron Foundry tube has faired lines and ap- 
parently the higher coefficient. This calibration is for meters 
having a ratio of approach diameter to throat diameter of approxi- 
mately 2.5 to 1, and is strictly correct for a 6-in. meter only — 
larger sizes having slightly higher coefficients and smaller sizes 
slightly lower coefficients. However, this calibration is accurate 
enough for oil measurement under commercial conditions.: 

14 The Simplex Standard tube has a ratio of diameters of 2 
to 1, and all sizes are made practically similar in form. The 
coefficient is slightly lower than for the other type of meter, 
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but it is equally accurate as it is necessary with both types to 
use a calibration when measuring viscous oils. 


Example in the Use of Fig. 2. Determine the quantity of oil flowing at 
130 deg. fahr. through a 6-in. by 23-in. venturi tube (Type B.I.F.) when the 
mercury-oil differential h = 4.2 in., the kinematic viscosity u/g = 0.11 sq. 
cm. per sec. (from 64 sec. Saybolt), the density of the oil flowing is g = 0.90 
gram per cu. cm. (from 26 deg. B.), and the density of the same oil at 60 
deg. fahr. above the mercury in the manometer is 0.94 gram per cu. cm. 
from 20 deg. B. at this temperature). 


Since d; = 6 in., a, = 0.196 sq. ft.; also, from d: = 23 in., a2 = 0.0341 
sq. ft. Substituting these values in Equation [1], 


C x 0.0341 X 1.016 X 8.02 xX VH 
Cx 0.278 x WH cu. ft. per sec. 


qd 


For a first approximation, assume C = 0.95; then 


1 13.6 — 0.94 - 
ga \/b BEET 
Vie* G0 
in which 13.6 is the specific gravity of mercury, and 
13.6 — 0.94 ra 
= 448.9 xX 0.95 x 0.278 x —_______ 4.2 
: \/ 12x0.90 * 
= 0.95 X 277 
= 263 gal. per min. 
But Qg/du = pa BOSE Ay 400, and from Fig. 2, C = 0.962; therefore 
Oe EET hed 8 SRG ae CA TRE arpa 


Q = 0.962 x 277 = 267 gal. per min. 


which is the quantity flowing under the conditions stated above. 


15 Fig. 3 consists of Q-h curves for each of several viscosities 
of oil. The full lines are accurate to 1 per cent. The broken lines 
are in the viscous-flow region and are of undetermined reliability. 
The density correction for the head h is applied by the graph at 
the left side of the figure. A graph for the conversion of Baumé 
density to specific gravity (density in grams per cu. em.) is at- 
tached to the upper side of the density-correction graph and shows 
the correction for the increase of density with a rise of tempera- 
ture of the oil above 60 deg. fahr. At the right of the density- 
temperature graph is a small sheet of logarithmic cross-section 
paper for plotting viscosities at various temperatures of the oil 
which is being measured. The kinematic viscosity of ordinary 
petroleum oils, when plotted against temperature on logarithmic 
cross-section paper, forms a nearly straight line within the limits 
shown. As an example three plotted points are shown for a vis- 
cous California oil. The conversion from viscosity in seconds of 
flow with the Saybolt Universal viscosimeter to kinematic viscosity 
is shown on the upper margin of this graph. The viscosity of oil 
at any temperature, as shown on this graph, is used to indicate 
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the proper curve to use on the Q-h graph. This same group of 
auxiliary graphs may be used with any size of venturi meter, it 
being necessary to change only the Q-h graph. 


Example in the Use of Fig. 8. Determine the quantity of oil flowing 
under the same conditions as in the example illustrating the use of Fig. 2. 

Referring to Fig. 3, follow the arrowed dot-and-dash line for the 4. 2-in. 
mercury-oil deflection from the left side of the density-head diagram to 
the 0.90 vertical density line, then up the diagonal to the corrected 
deflection h = 4.68 in. Follow this horizontal dot-and-dash line to its 
intersection with the diagonal 0.11 kinematic viscosity line (obtained by 
interpolation). Reading vertically down from this intersection it is seen 
that the quantity of oil flowing under these conditions is 267 gal. per min. 


Limits or ACCURACY OF THE CALIBRATIONS 


16 The data submitted in Fig. 2 for the Builders Iron Foundry 
venturi tube are accurate to within 1 per cent for tubes of similar 
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Fic. 2 CALIBRATION FOR Two Tyrpres oF VENTURI METERS IN 
Common USE IN THE UNITED STATES 


form (25:1 ratio of approach to throat diameter) for 2-in. to 
12-in. diameter tubes in the region of turbulent flow, since the 
data in this region are calibrations of full-size venturi tubes with 
lathe-turned bronze or cast-iron throats. 

17. This calibration applies strictly to 6-in. diameter tubes 
only; because the tubes to be similar in form must have the 
roughness increase directly with the size of the tube, i.e., the size 
of the rugosities must be in proportion to the diameter of the 
tube. The use of equally rough (or smooth) surfaces for all sizes 
of meters causes the coefficient to be slightly higher for larger 
meters for all turbulences in the region of turbulent flow. The 
degree of roughness does not appreciably affect the coefficient in 
the viscous-flow region. 

18 The data in the viscous-flow region are not as accurate as 
those in the turbulent-flow region. The former are from a cali- 
bration made by the author on a 0.22-in. by 0.10-in. home-made 
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model glass venturi-meter tube with water and corn-syrup solu- 
tions. The venturi tube was drawn from a straight glass tube 
and, while not exactly similar in form to the Builders Iron 
Foundry tubes, approached it closely enough to show definitely 
the type of variation of the coefficient to be expected for full- 
scale venturi tubes. The kinematic viscosity was determined with 
home-made pipette viscosimeters calibrated with water. In spite 
of the care used to avoid the effects of surface tension and velocity 
head, and because these viscosimeters measured solutions more 
than a thousand times as viscous as water, the probable accuracy 
of the viscosity determinations is approximately 90 per cent. 
This would mean an expected error of about 10 per cent in the 
turbulence for the values of the coefficient in the viscous-flow 
region. 

19 For the purpose of checking the viscous-flow data obtained 
with the model glass venturi tube, the theoretical coefficient of a 
6-in. by 3-in. Simplex venturi tube was computed. It was as- 
sumed that the only sources of loss of head from the approach to 
the throat were those due to the friction loss along the tube and 
the building up of the kinetic energy of the fluid in the throat. 
Poiseuille’s formula for the friction loss of fluids in viscous flow in 
cylindrical tubes was used without modification for the approach 
and the throat. The friction loss in the cone was computed using 
the integral calculus and the same formula. From the sum of 
the change in the kinetic head and the friction loss the coefficient 
was computed and expressed by the formula — 


ne, 1 
~ 4/1 + (.67/R) 


These coefficients were plotted on Fig. 1. This calibration applies 
equally well to any other size of venturi tube of the same shape. 
It shows that the coefficient decreases indefinitely as the slope of 
the lower part of the line becomes the constant 0.5. The general 
agreement with the experimental data for the glass model, which 
was of slightly different shape, shows that the assumption made in 
this computation was justified for low values of the turbulence but 
is not sufficient as the critical turbulence is approached. This is 
indicated by the dropping of the experimental below the computed 
line, and is probably due to the increased internal losses in the 
fluid with the higher readjustments of velocity in the cone. At 
low values of the turbulence the venturi tube acts merely as a re- 
sistance and is equally as useful for the measurement of rate of 
flow as a piece of straight pipe with similar piezometer connections 
would be. 

20 The data presented in Fig. 2 for the Simplex Standard 
venturi tubes are accurate to within 0.5 per cent for all values in 
the turbulent-flow region. This calibration is for all meters of 
2:1 ratio of diameters for all sizes of tubes from 1 in. to 48 in. 


in diameter. 


74 THE OIL VENTURI METER 


21 As liquids are usually transported at a much lower velocity 
(s) than the velocity (c) of sound in the liquid, the effect of the 
compressibility is negligible. The effect upon the venturi or pipe- 
line friction-loss coefficient due to the compressibility of the liquid 
flowing is found to be a function of s/c by the method of dimen- 
sions. When, as is sometimes the case, gases and vapors are 
handled at the acoustic velocity (c) or higher, the coefficients must 
be considered as functions of s/c as well as of Qg/du. Experi- 
mental data compiled on a graph according to this method would 
provide a rational calibration of venturi, orifice, and pitot meters 
for use with steam and high-pressure gas or air. The same method 
might similarly be applied to show the performance of steam- 
turbine nozzles and jet puraps. 

22 The thin-plate orifice and fixed pitot-tube meters may be 
calibrated by the use of this same method of dimensions. The 
fixed pitot tube is very sensitive to irregularities of flow in the 
viscous-flow region, especially with heated oils; however, experi- 
mental data are necessary to determine its value and range of 
usefulness. 

23 The accuracy of measurements by the venturi or thin-plate 
orifice meters in the viscous-flow region may be considerably 
affected by heated oil or by valves and fittings near the venturi 
tube or orifice plate, especially when the fittings are located on 
the upstream side. The amount of error due to these causes can 
only be determined by experiment. 
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DISCUSSION 


C. G. Ricuarpson. The following idea is offered by F. N 
Connet. Consider a standard venturi tube, whose formula is 


yo Va x »/29(V A) 


where r = ratio of inlet area to throat area, and (VH) = the pres- 
sure drop from the inlet to the throat. In the measurement of 
water, the friction loss (FH) across the whole tube is a constant 
proportion of the venturi head (VH) and is approximately 0.1 
(VH). In the flow of more viscous liquids, a certain proportion, 
greater than 0.1 (VH), would exist between the friction and ven- 
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turi heads. It is suggested that a series of tests be made with 
liquids of different viscosities over a wide range to determine, first, 
the value of C, and second, the relation between (fH) and (VH). 
If a constant ratio of (7H) to (VA) were found to exist for different 
viscosities, the addition of a third pressure at the outlet of the 
meter tube would provide a means of measuring all viscous fluids 
without determining their viscosities. That is, knowing this ratio, 
we would have the value C in the usual formula. 

Tue AutTHor. Replying to a question as to the effect of tem- 
perature on the coefficient C, temperature enters only to the extent 
that it affects the density and viscosity of the fluid, except in the 
region of viscous flow. In this region there is a slight effect upon 
the coefficient as the lines of flow are distorted. The chilled fluid 
near the sides of the pipe and meter tube flows more slowly on 
account of its increased viscosity, and also because the hotter 
liquid closer to the center of the pipe rises on account of its decreased 
density. 

In reply to a question as to the relative accuracy of the venturi 
meter and a gaged tank, it may be stated that the indications of 
the meter are within one or two per cent of the actual rates of 
flow. In general, a continuous flow meter of the venturi or thin- 
plate orifice type is better than a gaged tank wherever it is necessary 
accurately to measure or control a liquid while it is flowing. 

Commenting on Mr. Connet’s idea, as presented by Mr. Richard- 
son, the use of the ratio (FH)/(VH) is an ingenious method of 
using the venturi tube as its own continuous viscosimeter. Fig. 2 
clearly shows that the rate of flow affects the coefficient as well 
as the kinematic viscosity. Mr. Connet’s idea, extended to in- 
clude the velocity effect, if developed into a practical accessory 
to the venturi meter, would make it independent of external 
viscosity determinations. At present, however, it is necessary to 
measure the temperature of the fluid at the tube, and to use this 
temperature in connection with previously obtained temperature- 
viscosity and temperature-density data for the fluid measured. 
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THE CROSS-FLOW IMPULSE TURBINE 


By Forrest Nacuur,! MinwavuxKer, WIs. 
Member of the Society 


The author reviews the history of the development of the hydraulic turbine 
and shows that there is a gap between the field of the reaction turbine and 
the impulse wheel. This is due to the fact that the impulse wheel, as now 
built, has the slowest speed of all turbines, and that its highest specific 
speed is much below that of the reaction turbine. The cross-flow tur- 
bine, the principles of which are developed in this paper, will fill this 
field. The paper is not the presentation of a finished design, but rather 
the outline of the path that must be followed to meet new conditions in 
hydraulic power development. 


HE ORIGIN of the first prime mover is lost in antiquity, 
but we are able to state with practical certainty that it was 
an impulse-type water wheel; more specifically, that it was of the 
impact type, a current wheel with flat paddles, but an impulse 
wheel nevertheless. Written descriptions of these wheels date 
back nearly 2000 years, and current wheels, modified possibly 
to a slight extent in the direction of breast wheels, are probably 
several times that old. 

2 The term “impulse” is commonly used with those wheels in 
which water is applied to the rotating element in a free jet with all 
its energy in the form of velocity. It will be so used here although 
the term is somewhat of a misnomer. 

3 Modern impulse wheels develop power as much by reaction 
as they do by impulse or impact. The term ‘‘impulse”’ or perhaps 
better, “impact” might have been accurately used to designate 
the original current wheels and some of the pioneer forms, such as 
the hurdy-gurdy wheel, where the water was received on flat sur- 
faces and no attempt was made to utilize the reaction of the water 
leaving the wheel. The modern wheel, however, receives the water 
without shock, completely avoiding what might be termed impact, 


1 Wngineer, Hydraulic Department, Allis-Chalmers Mfg. Co. 
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and turns it by a smooth path into a relative direction substantially 
contrary to that of the motion of the wheel. The essential dis- 
tinction between the hydraulics of the so-called impulse wheel and 
the reaction type is found in the fact that in the former the 
entire energy of the water received by the wheel is in the form of 
velocity. , 

4 Ag this paper has to deal primarily with a modification of a 
single type of wheel or turbine the nomenclature of which is fairly 
well established, the term “impulse” will be adhered to as cover- 
ing the general and specialized forms known variously as Pelton, 
tangential, Girard, Schwankrug, pressureless, and impulse or action 
types as contrasted to Francis, Jonval, Fourneyron, pressure, and 
reaction. 


HistToricaL 


5 Prior to recorded history we may infer that mankind required 
a matter of centuries to produce the flat-blade impulse wheel. We 
know that this type persisted with little or no change, up to about 
1500 a.p., that is, about two thousand years. 

It required three hundred years more to get definitely beyond 
the flat-blade stage, realization of its disadvantages (only 50 per 
cent maximum theoretical efficiency) not materially affecting prac- 
tice up to about 1850, although the faults of the flat blade were 
recognized 100 years previously. Some samples of the impact 
type of wheel survived in our own country up to the latter part of 
the nineteenth century, these being represented typically by the 
hurdy-gurdy wheel of the California mining days. These gave 
way to the impulse wheel in approximately its present form, Fig. 
6 (a), during the period of 1870 to 1880. 

6 As late as 1883 and again in 1890-1891 comprehensive tests 
made on impulse wheels included tests on designs of flat-vane 
wheels. Bulletin No. 1 of the University of California (June, 1883) 
is probably the impulse-wheel classic for all time. It sets forth 
clearly the reaction principle for all types, illustrates and analyzes 
arrangements of radial- and axial-flow circular-jet wheels, impact 
wheels with flat surfaces, single-lobe tangential wheels, and true 
splitter types. The mathematical analysis is exceptionally com- 
prehensive without losing simplicity. Full appreciation of in- 
herent disadvantages, such as “backed” water loss, was shown. 
Tests on impact wheels (40 per cent best efficiency) and Pelton 
wheels (82 per cent best efficiency) are given. Incidentally, this 
latter efficiency has not since been materially improved upon, 
considering the small jet size (2 in.) and low head (50 ft.). 

7 Tests at the University of Michigan by Profs. M. E. Cooley, 
C. E. DePuy, and L. J. Hill in 1890-91 similarly included tests on 
both impact and impulse wheels of commercial forms and with 
modifications to improve the efficiencies of both. A maximum of 
37 per cent with flat blades and 82.75 per cent efficiency with 
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Pelton buckets was obtained, the nozzle being 2 in. in diameter and 
the head 92.4 ft. Analyzing the separate losses, the authors con- 
cluded that the bucket efficiency approximated 90 per cent, that 
the nozzle efficiency could be brought to 99 per cent, but that 
windage and friction losses could hardly be reduced below 34 per 
cent. 

8 In the United States occasional patent references are avail- 
able back to 1850, but in none of them is there a clear setting forth 
of the reaction principle as applied to impulse wheels nor a con- 
struction suitable for applying the principles until subsequent to 
that date. The earliest written account is that of Atkins, who 
applied for patents in 1853, although issue was delayed until 1875. 
Apparently Atkins fully appreciated the hydraulic principles 
involved. 

9 It remained, however, for the mining industry of California 
to produce the predecessors of the type accepted universally at 
present. The wheels first used were known generally as the hurdy- 
gurdy wheels, and they dominated the period from 1850 to 1870. 

10 The development work of the period 1870-1880 is dominated 
by the names of Knight, Moore, Hesse, and Pelton. The origin 
of the present type of tangential wheel, characterized by its cup- 
shaped bucket for securing full reaction and by its splitter for 
avoiding impact losses, lies with some or all of this group of men, 
but Pelton undoubtedly did most to develop and commercialize 
this form and to him belongs the credit for first increasing the 
efficiency to approximately where it stands today. Later modifica- 
tions were made to improve the efficiency, to avoid erosion, or 
to secure some better mechanical standard, but the inherent char- 
acteristics have so far remained unchanged. 

11 A most interesting historical account! and analysis of 
Pelton’s work is contained in the report of a committee appointed 
by the Franklin Institute. This covered the various works, both 
European and American, leading up to Pelton’s, disposed of con- 
tending claims, and finally made unqualified award on the basis 
of simplicity, economy of maintenance, adaptability to high heads, 
transportability, newness, correctness of principle, and commercial 
importance, but above all from the standpoint of efficiency. An 
appended test made at the U.S. Naval Academy in 1895 by Lieu- 
tenant F. J. Haeseler, U.S.N., and Ensign W. H. G. Bullard, 
U.S.N., shows a maximum efficiency of 86.56 per cent with a j-in. 
jet developing only 7.756 hp., volumetric measurement of water 
being used. This is the type that has remained unchanged to 
date. 

12 European practice starting along a divergent line during the © 
incubation period (1850-1880) of the American designs developed 
the Girard axial-flow and Schwankrug radial-flow impulse wheels 
for high head. 


1 Journal of the Franklin Institute, September, 1895. 
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13 Any working mechanism exposed to fluid in motion should 
desirably have the smallest possible hydraulic radius, that is, the 
least surface in contact with the water, to minimize losses and varia- 
tions in velocity. For any given area the circle is the most advan- 
tageous shape, as no figure has a greater area for a given periphery. 

14 The accident of circular jets used in our western mining 
work was responsible for a feature of design that was very instru- 
mental in causing the American design of impulse wheel to super- 
sede all others. This circular-jet nozzle, later of the needle type 
developed by Mr. Doble, obviated pitting trouble and low nozzle 
efficiency (frequently as low as 85 per cent) encountered in the 
various forms of partial annular nozzles, square nozzles, and tongue 
nozzles that characterized EKuropean design and were features of 
practically all Girard and Schwankrug wheels. Other than cir- 
cular jets may work out advantageously, but so far all types of 
impulse wheels using them under high heads have failed or have 
been superseded commercially. 

15 All impulse wheels have gradually resolved themselves into 
the specialized type known variously as the Pelton wheel, the 
tangential wheel, or, more generally, the impulse wheel. These 
have been highly improved, are very simple, efficient, and reliable, 
and gradually all other forms of pressureless wheels have given way 
to them. The last to go was the Girard impulse wheel or Girard 
turbine, as it is variously known. On account of its relatively 
large nozzle area it had a high characteristic speed and filled a gap 
not covered by either Pelton or Francis wheels except disadvan- 
tageously by the multiple-jet types of the former. 


CHARACTERISTICS OF THE IMPULSE WHEEL 


16 Practically all writers of hydraulic textbooks agree in their 
treatment of the impulse wheel that it is known by the following 
characteristics, the first three applying to impulse wheels in general, 
and the fourth identifying the present dominant type: 


1 A free jet operating under the full spouting velocity due 
to the operating head 

2 Substantially tangential application of the jet to the wheel, 
that is, with the major component of jet velocity along 
a tangent 

3 A bucket velocity practically 50 per cent of the jet velocity 

4 Splitter-type buckets, concave on the working surfaces. 


17 According to definition, characteristic No. 1 is inherent with 
all impulse wheels. Nos. 2, 3, and 4 dominate the impulse-wheel 
field at present and have done so with almost no interference for 
thirty years, within which period practically all the development 
of modern water-power machinery has taken place. During the 
first half of this period these characteristics covered commercial 
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requirements which demanded the slowest-speed wheel that could 
be made under high heads. While certain conditions, notably 
high heads, still demand tangential wheels, for about fifteen or 
twenty years the requirements of commercial practice have 
frequently exceeded limitations imposed by characteristics Nos. 
2, 3, and 4, and to meet these new conditions the new form of 
wheel proposed by the author has departed from these three 
characteristics in a decided and radical manner. 

18 Contrary to the general impression, the modern impulse 
wheel is the slowest-speed type of turbine known, although it 
utilizes the highest water velocities. This low-speed type has 
found an extensive field of usefulness by reason of its mechanical 
simplicity and the relatively small surface exposed to high water 
velocities. Its low speed was essential in connection with the small 
capacities and high heads to which it was adapted, as it permitted 
revolutions per minute sufficiently low to readily permit of direct 
connection with alternators of reasonable speed. Its arrangement 
permits elimination of clearances and packing, which involve care- 
ful design and fine machine work and are a continual source of 
trouble under high heads. The small amount of surface exposed 
to water flow and the ease with which such surfaces may be in- 
spected and renewed overcame one of the greatest problems in 
high-head turbine design. ; 

19 It is probable that the intimate association of the low 
peripheral coefficient of 50 per cent with impulse-wheel design 
results from the fact that practically without exception authors 
of hydraulic treatises and writers of textbooks on the subject 
of hydraulic-turbine design confine themselves almost solely to 
this basis. 

20 It is to this that the author takes exception, particularly 
since this 50 per cent basis is usually presented as a very funda- 
mental consideration of all impulse-wheel design, whereas it really 
should be presented as an extreme used to permit of securing the 
lowest possible bucket speed. A single glance at the complicated 
forms of the most noteworthy impulse-wheel installation of the 
last few years should be all that is needed to indicate to the unbiased 
engineer whose ideas have not already been prematurely and posi- 
tively fixed along a certain line, that the desirability of low speed 
in the buckets of these units has long since passed. The unit of 
Fig. 1 illustrates this point, as do also all of the record-capacity 
units above 5000 hp. or since 1904. 

21 So far as water velocity is concerned, the impulse type of 
wheel should have the highest speed of any type of turbine, except 
those which may be classed within the so-called ‘“‘suction”’ field. 
The water velocity in the usual reaction wheel (Francis) seldom 
exceeds 50 to 75 per cent of the spouting velocity, or the same per- 
centage of that which holds in all impulse practice. The main 
reason for the low characteristic speed of impulse wheels is found 
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out of the working path of the jet. The relationship between the 
characteristic speed of the tangential impulse wheel and its ratio 
of wheel to jet diameter illustrate the approximate limitations -of 
commercial practice. Exceeding the ratios indicated simply means 
that there will be what is called ‘‘racing water,” with its inherent 
loss of efficiency. 

23 Unit capacities have so grown that for a considerable 
period, possibly for the last 15 or 20 years, strenuous efforts have 
been made to increase specific speeds of impulse units. As is 
usual in such cases, human inertia has been such that the new 
need was not recognized, the result being that the art of impulse- 
wheel design went through the same evolution as did that of 
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Fic. 2 Curves SHowina ReLvatTiIoN BETWEEN CHARACTERISTIC 
Sprreps or ImpuLse WHEELS AND THEIR PROPORTIONS AS 
EvIpENCED BY THE Ratio d/J 


(The plottings for the various peripheral coefficients indicate the in- 
creases possible with larger coefficients than are used at present. The 
lower shaded area indicates the approximate limits of proportions and 
characteristic speeds of tangential impulse wheels, and the upper area 
roughly the field available for development by the cross-flow wheel. The 
increase in characteristic speeds that is possible is quite strikingly shown.) 
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reaction-type turbines, i.e., multiplicity of runners, nozzles, etc., 
without attacking the fundamental element of relative bucket 
velocity or direction of jets on the wheel to avoid interference. 
The orthodox 50 per cent velocity of bucket and tangential appli- 
cation of jet with its large consumption of wheel periphery were 
and still are the dominant factors of the impulse units of even 
recent manufacture and of all engineering textbooks on the subject. 


EXPERIMENTAL WORK OF THE AUTHOR 


24 During the years 1913 to 1918 the author was experiment- 
ing almost continually with flat-angle runners of the axial-flow 
type. This work resulted in the development of the high-speed 
suction type of propeller runner since applied extensively to low 


Fic. 3 FUNDAMENTAL DIAGRAM OF THE IMPULSE WHEEL 


(Diagram is laid out for the axial cross-flow type of wheel, but repre- 
sents an average of all types, whether of radial-inward, radial-outward, 
conical, or axial arrangement.) 


heads and led to an appreciation of the characteristics necessary 
to high speed in any vane moving in a fluid. In his paper describ- 
ing this work before the A.S.M.E. in December, 1919, the following 
statement was made as covering any water wheel, the ice-boat 
illustration incidentally coming under the classification ‘‘impulse”’ 
as defined herein: 


Neglecting friction and possibly blade thickness, there are no math- 
ematical or hydraulic laws that will prevent doubling or quadrupling any 
particular characteristic speed by simply flattening the blade angles. A 
direct analogy to this is the well-known illustration of relative velocities 
evidenced in the sail of an ic2-boat. 


25 Continuing this work on high-speed runners with impulse 
wheels, the author in company with J. F. Roberts experimented 
with small-angle single-lobe types of buckets with the jet making 
small angles with the tangent. The purpose was to secure an 
arrangement whereby more jets might be used on a single wheel 


FORREST NAGLER 85 


without interference and to eliminate the splash losses resulting 
from water discharged upward and falling back on the wheel in 
vertical shaft arrangement. The result was difficulty from the 

backed” water indicated at B in Fig. 6, which was one of the 
causes of the low efficiency and pitting that contributed largely 
to the commercial failure of Girard wheels and other single-flow 
impulse turbines. In playing jets from an ordinary garden hose 
on small models of these wheels that were running at a high rate 
of speed (10,000 to 20,000 r.p.m.) a decided change in their tune 
was noticed with various positions of the jet. On account of ease 
in construction one of the wheels happened to have been cast 
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Fic. 4 D1aGRaM or THE ENTIRE Fizip or IMpuLsSE WHEELS, SHOWING 
THE GENERAL CHARACTERISTICS OF MODERN TANGENTIAL IMPULSE 
WHEELS OF THE SUPERSEDED HisroricaAL TyPrs AND OF THE PRO- 
Posep New Cross-FLow Typr 


(Assumptions: Discharge loss = 0.10 29H; jet velocity = 0.98 V/ 29H; over- 
all efficiency = 80 per cent; d/J = 10.) 


without back curvature of buckets, similar to the propeller-type 
suction runner. With this wheel the highest pitch or note was 
developed with the jet directed almost perpendicular to the plane 
of the wheel. This was so contrary to fundamental impulse 
practice as indicated by all commercial installations built in recent 
years and covered in any treatise on hydraulics that it attracted 
instant attention. Analysis of the condition resulted in a series 
of diagrams such as Fig. 3, and these worked naturally into the 
following algebraic analysis. 
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Referring to Fig. 8, let : 
Jet velocity Vi = 0.98\/2gH 
From the right triangle on base oe 
Rp = VU2 4+ V2 
and from the law of cosines 
Ri = VV2i4+ UP? — 2ViUi1 cos Ai 


Bubeitp = hay 
ace U? oo V2 = Vi -t- UY? = 2ViU, cos A, 
whence 


$?(2gH)+0.01 (29H) =0.96(29H)+ ¢?(2gH)—2 $x0.98(2gH) cos Ay 
and (see curve 5, Fig. 4) 
OCos Ai == 0 4SEo Scr ae cede [1] 


where ¢ is the peripheral coefficient, or ratio of wheel velocity 


to jet velocity. Note that varying the assumption of 0.10 »/2gH 
discharge loss has very little effect on the inlet angle. 

26 For the average impulse wheel the bucket inlet angle is 
practically twice the jet angle, that is (see Fig. 3), 


B,= 2A, 
Proof: 

Rp = R1 since relative velocities are practically constant in an 
impulse wheel (exactly so in axial flow). 

Rp = oe (Fig. 3) very closely since B: is always very small. 
Exact equality could be attained by allowing a slight 
forward component. 

oe = oP 
.. Angle C = Angle A, 
But Ai = £ by construction and C+ H = 2A, 
a Dy = 2Ay 
From right triangle, 


Bucket curvature = 180° — B, — B, = 180° — 2A, — B, 


= 180° — 2 cos(>-=*) — tanr(* =) Aes fe 


\ 


(See curve 8, Fig. 4.) 

27 With impulse wheels simple relationships may be deduced 
for comparative purposes as follows, letting J = jet diameter or 
thickness and d = wheel diameter, both in feet. 
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28 The equation for the characteristic speed of the wheel is — 


r.p.m. X Vhp. 
and the speed is 
_ 606 V2gH 
Pap Mie — oa pn Ais BE ol nr eB] 


Assuming 80 per cent efficiency and one circular jet per wheel 


rd? J 0.98\/29H x H x 62.40.80 J?H? 


h = = 
er 550 1.78 
and 
Nae CTS 
eS te ae ate A a 
aie ash Ly [6] 
Substituting [5] and [6] in [4] gives 
asi 
N= RL eee reales 079 


Most engineers dealing with the subject are familiar with 
Equation [7] expressed for tangential wheels as 
of 
Nee OMe A oi eine cyt EB | 
d 
‘@ being taken as equal to 0.48. 
29 Modern tangential impulse wheels preferably have a ratio 
of wheel diameter to jet diametef of 12 to 14, with 10 as a desirable 
minimum. Using the latter value for comparative purposes, 


Nee (ivoip. 20s, setter ho gy 


for impulse wheels with a single circular jet (see curve 14, Fig. 4). 
With multiple jets the limit of characteristic speed is reached 
with a‘ solid annular jet of width J or when the nozzle area is 
mdJ. In this case, assuming 80 per cent efficiency, 
pat SAN) ay 
MAD. ra 


which, substituted with [5] in [4], gives 
N..= 225 6VJ/d 


neglecting for the moment the jet angle; and for the d/J ratio 
of 10 assumed above, 
INST brine. elemine OWE tH ATL} 
30 Since the full annular area of the nozzle is not effective on 
account of the inlet angle of the jet expressed in [1], Equation [10] 
must be altered to read 
N,= 71 ovsin At 
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(see curve 16, Fig. 4), since the quantity and consequently the 
hp. vary as the axial or radial component and N, varies as Vhp. 

31 The significant relationship between wheel speed and jet 
angle is shown perfectly in Equation [1], the graphical showing 
being curve No. 5 of Fig. 4. 

32 Considering the fact that this relationship is based on the 
fundamental requirements of an impulse wheel, i.e., low exit loss 
and constant relative velocity (resulting from no change in pres- 


Fig. 5 Dracrams ILLUSTRATING THE RELATIVELY SMALLER PORTION 
OF THE PERIPHERY OF A WHEEL UTILIZED BY A GIVEN JET OF THE 
Cross-FLow TYPE AS CONTRASTED WITH THAT OF THE MoRE 
Nearty TANGENTIAL FLtow. THE Possrpiniry or UTILIZING A 
Larger NuMBER OF JETS WitTHOUT INTERFERENCE IS EVIDENCED 


sure) in the bucket itself, the curve may be used for some very 
broad conclusions. 

83 The main one is this: Speed in impulse-wheel work is a 
function of the angle the jet makes with a tangent. 

384 If the jet angle is zero as in accepted present practice, the 
speed, which is a function of ¢, is the lowest that can be obtained 
without preventable loss. As the angle of the jet increases to 
45 deg. the relative wheel velocity increases from 50 per cent to 
only 69 per cent of the jet velocity. From this point, however, 
the most radical increase is effected. For example, from a 69 per 
cent coefficient at 45 deg. the speed increases to 100 per cent at 
61 deg. This feature combined with the obvious departure from 
the tangential flow of present practice led to the following desig- 
nation of two classes of impulse wheels accordingly as the major 
component of the jet velocity is along or normal to the tangent: 

Tangential Impulse Wheels — Jets making angle less than 45 

deg. with tangent. 
Buckets decidedly concave, curvature greater than 90 deg. 
Bucket inlet inclined backward. 
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Cross-Flow Impulse Wheels — Jets making angle greater than 
45 deg. with tangent. 
Buckets flattened, curvature less than 90 deg. 
Bucket inlet inclined forward. 


35 The name “cross-flow” was selected after considering such 
terms as ‘“‘vortex impulse” or ‘‘annular impulse” (on account of 
the ease with which so many jets may be used as to form a con- 
tinuous whirling jet); and “axial impulse,” “radial impulse,” 
““mixed-flow impulse,” etc., for reasons connected with the notice- 
able feature of various mechanical arrangements. ‘‘Cross-flow”’ 
seemed especially appropriate not only because it so aptly de- 
scribes the direction of flow across the wheel but because it so 
distinctly defines the direction of flow as contrasted to that in the 
present wheels which are universally known as the tangential 
type. 


ADVANTAGES OF THE Cross-FLow Typr or ImpuLsSE WHEEL 


36 The cross-flow wheel, aside from its advantage in speed, 
automatically corrects one of the defects that contributed greatly 
to the failure of single-flow impulse turbines such as the Girard 
and other partial wheels. The “backing” of water in the wheel, 
resulting in its being dragged around with the wheel and ultimately 
discharged at wheel velocity at about half its original velocity, 
results from impact due to the large angle between the relative 
water path and the surface of the bucket at the point of impact 
[point B, Fig. 6 (b)]. The slower the speed of the bucket, the 
greater the curvature and consequently the greater the impact 
and ‘‘backing”’ loss. 

37 With higher speeds the bucket becomes flatter and the 
“backing” loss with its poorer efficiency and greater tendency to 
pit is more and more reduced [see B, Fig. 6 (d)] without resorting 
to the undesirable expedient of increasing the number of buckets. 
Inspection of the successive diagrams of Fig. 6 indicates how the 
angle of impact between the jet and bucket is successively reduced 
as the speed is increased and the bucket correspondingly flattened. 
The author believes that this principle can be utilized to eliminate 
or at least reduce the efficiency losses and pitting troubles experi- 
enced with the Girard types, and with it there will be a rapid return 
to radial and axial and even conical or mixed-flow impulse wheels. 
In combination with nozzles designed to deliver circular jets with 
their higher efficiencies and more uniform distribution of velocities, 
cross-flow wheels can be applied to a considerable portion of the 
field for which there is at present no design except the disadvan- 
tageous multiple-runner or multiple-nozzle types. For low heads 
and small powers or where efficiency may not be of the greatest 
importance, the circular jet may be dispensed with and rectangular 
jets arranged to partly cover the wheel periphery (partial turbines), 
or even solid annular jets (full turbines) may be utilized. 
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Peripheral Coefficient $-0.45 


V=0.98V 2 gH eS 
a,=0° 
B25” 


(4) 


Peripheral Coefficient $=0.66; Vj=0.98V2gH ; : 
a,=45; Bi=90° Peripheral Coefficient $= 1.00; V,=0.98V2gH; A,=63} 8,=12/°30" 


(c) (2) 


Fig. 6 See Continuation and Caption on Following Page 
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Peripheral Coefficrent =2.00; V-0298V2gH : A,? 75°; f3-15/° 
(2) 


Fic. 6 DracRams ConTRASTING THE RELATIVE VELOCITIES AND 
Bucket SHapgs OF THE TANGENTIAL Types oF ImMpuLsSE WHEELS 
(a) AND (b) wiTH Srwiiar FEATURES OF THE CRoss-FLow TYPE 
WHEEL aS ILLUSTRATED IN (@) AND (e). Tur Limit Between 
THE Two Typrs 1s SHOWN AT (c) 


38 The cross-flow wheel does have an inherent disadvantage 
from an efficiency standpoint. The relative velocity between jet 
and bucket is the lowest (50 per cent of spouting velocity) in a 
tangential wheel and higher in the cross-flow types; for example, 
for a 100 per cent coefficient the relative velocity is practically twice 
what it is in a tangential wheel. This, of course, involves a greater 
friction loss, but in actual practice this may be offset by reduction 
of windage and splash losses, and particularly by the possibility of 
developing more power in a given working volume of space swept 
by the buckets than it is possible to do with the tangential type 
(see Fig. 5). 

39 Vertical impulse wheels have certain mechanical advantages 
when large capacities are considered, these being similar to those 
which underlie the popularity and economies of the vertical re- 
action units, and in addition incorporate the possibility of feasible 
mechanical arrangement of more jets than possible with horizontal 
types. Engineers experienced with impulse work, however, are 
familiar with the tremendous disturbances that exist even in hori- 
zontal wheels having but a single jet, and can appreciate the condi- 
tion that must exist when several jets are played on one wheel. 
When it is further considered that all the upwardly discharged 
water that falls or is spattered back into the path of the buckets 
must again leave the wheel at practically wheel velocity or half 
its own initial velocity, and that this represents a total loss, the 
desirability of getting the water positively and clearly away from 
the wheel is apparent. The cross-flow design, embodying as it 
does the feature of single direction of flow through the wheel with- 
out “backed” water losses, lends itself admirably to this arrange- 
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ment. This is particularly so as in extreme cases multiple or 
annular jets may be used without injurious interference, since each 
elemental jet uses such a relatively small portion (see Fig. 5) of the 
periphery as contrasted to the tangential type where each jet needs 
for its working space a chord subtending a relatively larger angle. 

40 Fig. 7 presents the entire field of hydraulic-turbine practice. 
On this diagram are plotted the heads and horsepowers of prac- 
tically every water wheel of note ever built, particularly those 
that extended the developed field in any direction, regardless of 
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(Points above line T-7 represent impulse units, practically all of them being of the 
tangentialtype. Line R-R represents approximately the limit of reaction units. The 
shaded portion adjacent to line 7-7 represents a field lying between the tangential 
impulse and high-head reaction fields and at present disadvantageously developed by 
them. This is the field to which the proposed cross-flow type of wheel is particularly 
adapted. Impulse-wheel horsepowers are plotted for one jet.) 


type or nationality. The upper field above the line 7-7 (points 
marked x) are of the impulse type. Those below the line T-7 
are of the reaction (Francis or suction) types. Portions below, 
to the right, or above the limits of the field of plotted points are 
as yet undeveloped. 
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41 Undesirably low generator speeds have so far restricted 
further development below and to the right of the line R-R. Size 
of parts and transportation limitations retard although do not pro- 
hibit extension to the right above the line R-R. The infrequency 
of points at the top of the sheet is due to the difficulties arising 
from extremely high pressures (above 3000 ft., for example), the 
difficulties in securing material for withstanding high stresses, and 
the comparative infrequency with which such high-head conditions 
are encountered. Undoubtedly the next few years will see units 
of 100,000 hp. capacity, and possibly more heads in the neighbor- 
hood of 3000 ft.; 70,000-hp. impulse units for 2150 ft. head are 
even now being worked out in detail. 

42 The significance of Fig. 7 so far as this paper is concerned 
lies in the comparatively undeveloped gap existing between the im- 
pulse and reaction types. This gap exists by reason of the differ- 
ence between the highest impulse characteristic speed (about 5 
ft-lb. units) and the lowest reaction characteristic speed (about 
10). Even the multiplication of jets and nozzles incorporated in 
most of the larger-capacity impulse units has failed to bring the 
two fields together. 

43 The field of head and capacity now covered by impulse 
wheels of the tangential type needs extending only a limited 
amount. This extension is indicated roughly by the shaded section 
of Fig. 7, this section lying along and below the line T-7,, between 
the fields to which tangential impulse and reaction wheels are well 
adapted. Going beyond this neutral ground in a lower direction 
involves competition with the reaction-type runners that give 
economical generator speeds with lower water velocities and better 
efficiencies. It is to this intermediate field that the cross-flow im- 
pulse design is peculiarly adapted, as with it characteristic speeds 
of 5 to 20 are readily obtainable with single jets, as shown in the 
upper shaded area of Fig. 2 and curve 14 of Fig. 4. With multiple 
or annular jets even higher speeds are possible, theoretically up to 
over 100 from curve 16, Fig. 4. There will probably be no com- 
mercial demand for such extreme speeds using the cross-flow 
_ principle, as the reaction type covers this field satisfactorily and 
with more desirable water velocities. The greater simplicity of the 
~ impulse type may, however, make those high-speed types work out 
advantageously with small or auxiliary units. 

44 As in all simple developments, a detailed search of prior art 
shows numerous designs that might be construed to anticipate the 
cross-flow principle. These comprise various designs from the 
earliest forms of flutter wheel where water from a trough falls on 
a paddle wheel, up to and including varions forms of Jonval wheels, 
which may have been set above tailwater, and through the various 
designs of Girard and Schwankrug wheels. All of these installa- 
tions with which the author has been familiar have a flow other 
than tangential, not by reason of its advantage but because of cer- 
tain desired mechanical arrangements and in spite of the acknowl- 
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edged disadvantage of departing from the tangential arrangement. 
This fact is shown by the numerous details of design which in- 
dicate the extreme measures that were used to secure flow as 
nearly as possible tangential. Exhaustive search has indicated no 
single instance where free circular jets, adjustable in size, have 
been purposely directed against the buckets at angles greater 
than 45 deg. with a tangent. 

45 That the problem of securing higher specific speed in the im- 
pulse field is one of real commercial significance is indicated by the 
fact that such a variety of expedients have recently been used to 
raise speeds. These efforts parallel with surprising exactness the 
multiple-runner craze that dominated the reaction field during the 
years 1900 to 1910, resulting from the attempts of water-wheel 
builders to keep pace with electrical designers in speeds of units. 
The reaction program was confined at first to using multiple run- 
ners, aS the entire periphery was used at the start. Later the 
reaction development followed lines of widening the inlet to the 
runner, increasing the velocity of the water, and finally in increasing 
the relative wheel velocity. 

46 The impulse-wheel designer started with the limit of water 
velocity, has gone through the stages of multiple jets, then multiple 
wheels, and is now ut the point of facing the use of larger percent- 
ages of wheel periphery (larger inlet area) and higher wheel speeds. 

47 The analogy to the history of reaction-wheel development is 
perfect, even to the point where for a large field of head and capac- 
ity the electrical designer is ahead of the wheel designer in speed. 
With the development of high-speed impulse wheels there should 
be experienced a return to the single wheel and possibly to the 
vertical shaft setting, the two features that so completely dominated 
the tremendous advances made in the reaction field in the past 
decade. 

48 This does not mean that the tangential wheel is to be dis- 
placed,,but rather that it should be supplemented. For a certain 
range of head and capacity —a very wide range at that — it 
affords a perfect solution, one that harmonizes with desirable 
generator speeds, with excellent efficiency, and with the utmost 
simplicity and durability. 

49 It is for lower heads and larger capacities that new designs 
are needed. While the elements of the machines themselves are 
not subjected to mechanical complication or hydraulic losses as 
serious as those which caused the multiple-runner reaction turbine 
to be superseded by the single vertical arrangement, the general 
complications of water passages and governing mechanisms and 
possibilities of flow interference are certainly such as to be expen- 
sive and undesirable. If the history of the progress in reaction 

Nore ro Fic. 8. The large angle of incidence shown is obtained by simply raising 


the jet above a tangential line so that it flows in a more nearly radial direction. 
The sketch at the upper right of the figure shows a bucket for use with a cross-flow 


wheel and designed to illustrate dividing the discharge and equalizing the thrust 
by a splitter. 
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wheels is any guide, future developments in the impulse field will 
return to single runners of higher characteristic speeds Just as the 
multiple-runner reaction wheels yielded first to higher-speed mixed- 
flow wheels and later to the still higher-speed axial-flow or suction 
wheels. 

50 Fig. 8 is shown as an example of proportions and possible 
details of a unit based on the cross-flow principle for conditions 
of reduced head and increased capacity comparable with those 
which incur multiple jets or wheels. This is shown as indicating 
a possible trend in impulse design based on investigation of modern 
commercial needs and analysis of the hydraulic and mechanical 
features involved. It is not suggested that initial installations 
should be made for such large capacities and heads without first 
obtaining more operating data than are now available on the new 
type proposed. It is believed, however, that the low-head ex- 
tension of the field of impulse wheels, particularly for small and 
moderate capacities, is warranted immediately. 

51 The main purpose of this paper is not to present a complete 
solution of problems confronting the designer of impulse wheels, 
nor is it intended even to present the new type as being completely 
worked out. It is intended to draw attention forcibly to the 
possibility of departing from the orthodox tangential flow and 
50 per cent coefficient, departing even from the specter of practice, 
precedent, usage, and textbooks without violating perfectly sound 
hydraulics. If the only too common tendency to get in a rut and 
stay there is lessened, the author will be more than satisfied. 


DISCUSSION 


WiuiaM F. Unt. Mr. Nagler in his paper before the Society 
in 1919 on the suction, or propeller, type of reaction turbine 
showed us the way to get higher speeds for low-head water-power 
units. He now shows us a way to get higher speeds with impulse 
turbines under such head and capacity conditions as are frequently 
encountered in the West. 

Mr. Nagler has retained all the good features of the turbines as 
developed in recent years, simply changing the runners. Con- 
sidered from a commercial standpoint this is very important, since 
it reduces the element of risk in adopting the new designs, as well 
as reducing the cost of new development work to a minimum. 

Some of the most important things to consider in connection with 
hydraulic turbines are: mechanical simplicity, governing, pitting, 
efficiency, speed, weight, and runaway speed. Since no changes 
are so far contemplated in the design that will affect the first two 
features mentioned, we can assume that there will be no difficulties 
along these lines. 

Regarding pitting and efficiency, we shall need further informa- 
tion before we can determine just where the new design will fit 
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in, The greatest difficulties are generally encountered when un- 
tried designs are used outside of the field for which they are suitable. 

Efficiency is becoming more important with the greater use of 
mechanical power. One per cent increased efficiency will pay the 
fixed charges on a considerable investment where the output of 
the plant can be fully utilized. Increased speed in this case brings 
about a reduction in weight of the turbine and particularly of the 
generator, and in most cases will result in lower first cost of the 
power units. 

The runaway speed of about 100 per cent for which the turbine 
runner and generator rotating parts must be designed where im- 
pulse turbines of the present type are used, adds a considerable 
item of first cost, and if this can be reduced it will probably be as 
large a factor in reducing the cost of impulse-turbine units as the 
increased normal speed due to the proposed design which Mr. Nagler 
has developed. 


C. V. Kerr. A comparison of the diagrams in Fig. 6 is instruc- 
tive. The blades in (0) are shorter than those in (e), and due to 
the lower relative velocity will consume less energy in friction; 
the opening between the discharge edges is greater, and blade thick- 
ness will be less important; the discharge angles are larger, and 
less trouble would be expected in the jet leaving the wheel at that 
angle; the effect of windage will be to reduce the pressure between 
the blades in (b) and to increase it in (e). All these affect the ratio 
of final to initial energy in the jet, and hence affect the efficiency 
of the wheel. 

Comparing the wheel in Fig. 1 with that in Fig. 8, it is obvious 
that the latter will have greater windage losses, especially at higher 
speed. If the location and direction of resultant pressure on the 
buckets could be determined, the relative moments about the 
shaft could be compared. Otherwise the advantage appears to 
be all in favor of the wheel in Fig. 1, as the jet is at the end of the 
vertical radius, while in Fig. 8 it is closer to the shaft and the 
leverage is reduced. 

It appears from Fig. 7 that a number of these cross-flow wheels in 
the smaller powers and lower heads have been built. It would be 
gratifying if the author could supply performance data for some 
of them. So far they are in competition with the reaction rather 
than the tangential, type of wheel. 
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LIGNITE CHAR: ITS PRODUCTION 
AND POSSIBILITIES 


By O. P. Hoop,! Wasuineton, D.C. 
Member of the Society 


Lignite char is lignite which has been dried and distilled in an oven 
especially designed for the purpose. About two and one-half tons of raw 
lignite reduce to one ton of char, the heating value of which is about 12,000 
B.t.u. per lb. While raw fone can be used satisfactorily in large steam- 
raising operations, the author believes that the search for a means to im- 
prove the fuel must continue. American lignites do not briquet well with- 
out the addition of a binder, and the Bureau of Mines has therefore been 
led to investigate the possibilities of an inexpensive carbonizing process 
and the use of the resulting lignite char direct without briquetting. This 
process 1s briefly described in the paper. 


THE greatest difficulty with our lignite is the fact that in nearly 

every district where it should be the natural fuel it is put in 
competition with high-grade fuel. Canadian and North Dakota 
lignite must compete with anthracite and with Pittsburgh and 
Illinois bituminous coal; Texas lignite must compete with gas, oil, 
and Oklahoma bituminous coal. It is evident, however, that 
there must be a price at which the lower-grade fuel will begin to be 
attractive. In round numbers the ratio is somewhere in the neigh- 
borhood of half the price of good coal. With the rising price of 
bituminous coai we are fast approaching the time when this ratio 
will be common. 

2 The handicaps of lignite are well known, but not always 
properly valued. The heating values of high-moisture fuels are 
somewhat misleading. 'The heat carried by the moisture is re- 
covered and measured in the calorimeter, but is not fully utilized 
in a boiler furnace. The B.t.u. ratios, therefore, do not give the 
relative possible steaming values of the fuels if comparison is made 
between a high-moisture lignite and a low-moisture bituminous 
coal. Although the ash percentage may be low, there is usually a 
larger total amount of ash to handle in a plant using lignite. The 
fusing temperature of the ash is usually low, making high rates of 
combustion difficult and requiring larger grate areas and furnace 


1 Chief Mechanical Engineer, U. S. Bureau of Mines. 

Contributed by the Fuels Division and presented at the Spring niseuite: 
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volumes than with higher-grade coal. Notwithstanding these 
handicaps, with present technique raw lignite can be used in large 
operations, and good efficiencies and reasonable capacities can be 
obtained. The problem is largely an economic one. When raw 
lignite is cheap enough in comparison with better coals it will be 
used in large steam-raising operations. 


IMPROVEMENT OF RAw LIGNITE FoR FUEL PURPOSES 


3 The search for a means to improve the fuel, however, must 
‘continue. A fuel classed as lignite in northern Bohemia, and 
weathering much as does our lignite, is as carefully prepared for 
market as is our anthracite. Seven prepared sizes are offered to 
the market. Raw lignite can probably be somewhat improved for 
steam raising by sizing the product more closely than is common 
practice. It is probable, however, that an improved lignite prod- 
uct must first cater to a special trade that will pay a special price. 
This is illustrated by the vision that has been so frequently held 
of improving the lignite by some process involving briquetting. 
Unlike the German ‘‘Braunkohle,” our lignites do not make a 
stable and satisfactory briquet simply by drying the lignite and 
briquetting by heat and pressure. They lack sufficient inherent 
binder to consolidate and waterproof the mass. The necessary 
added binder increases the cost and hardly improves the quality. 
A quite satisfactory fuel can, however, be made by briquetting 
lignite char, and it is probable that some day such a fuel will be in 
common use. 

4 There have been hopes that through the recovery of by- 
products sufficient credits might be obtained to lessen materially 
the cost of briquets. Profit can be shown on paper, but such a 
process is essentially a large-scale operation requiring a large in- 
vestment and very substantial financial backing by those familiar 
with technical enterprise. It is difficult, therefore, to start such an 
industry, for there is no opportunity to begin small and grow up, 
returning profits into an improved plant. Capital familiar with 
technical enterprise finds less hazardous ventures, and capital 
unfamiliar with such enterprise is apt to be misled and lost. 


Licgnite CHar AND Its PossIBILITIES 


5 With these facts in mind, the United States Bureau of Mines 
is investigating the possibilities of a somewhat different program 
which has for its main features an inexpensive carbonizing device 
and the use of the lignite char direct, without briquetting. If a 
market for the char can be developed, and the small mine can pro- 
duce char, there would be provided means for a natural evolution 
of an industry that in time might realize the larger vision of briquet- 
ting and recovery of by-products. Lignite char can best be de- 
scribed in a few words as a fuel rather near in analysis to anthracite, 
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but softer, with a little more volatile matter, and thus kindling 
easier. The volatile matter, in general, is from 8 to 12 per cent. 
The fixed carbon is from 65 to 70 per cent. The moisture is prac- 
tically nil. Lignite char grades from pea coal to smaller sizes, and is 
a stable product. It would be easy to screen this material into 
two sizes corresponding closely to anthracite No. 1 and No. 2 
buckwheat. Comparison with anthracite, however, does not give 
lignite char credit for certain favorable characteristics. With an- 
thracite there is considerable carbon in the ash; with lignite char 
there is practically none. Char will hold the fire and burn out 
practically the same as a piece of charcoal buried in the ashes. 

6 Whether a market can be developed for such a fuel at prices 
around five dollars a ton at the mine, remains to be shown, but it 
is at least encouraging to know that Germany used last year 
.400,000 tons of similar material for domestic heating and cooking. 
This fuel burns well with natural draft where a thin fuel bed, 
about 13 in. in thickness, can be maintained. Base burners, cook 
stoves, and other heaters can be adapted to use the fuel satis- 
factorily. The Germans have developed a special stove, burning 
the fuel on a bed of ash in an enclosed drawer. There is no loss of 
fuel in the ash and our lignite char used in such a stove heats an 
oven sufficiently for baking operations and will boil water. It makes © 
a very clean fire, is smokeless, and the char is clean to handle. It 
is, however, slow in getting under way as compared to a gas range. 


PrRopvucTION oF LIGNITE CHAR 


7 To produce the char a very simple oven has been devised that 
greatly reduces the investment from that needed for ovens hereto- 
fore proposed. If lignite be passed through a combustion zone, 
moisture is first driven off; then combustible gases are distilled, 
and finally the solid carbon is burned. There is a considerable 
shrinkage in volume and a complete absence of caking quality. 
These steps are fairly distinct one from the other, so that the flow 
of lignite through the combustion zone may be so regulated that 
but little of the fixed carbon is burned. The combustion zone can 
be maintained by burning some of the distilled gases within the 
moving mass of lignite, and such direct heating is more efficient 
than where heat must be transmitted through refractory walls. 
The hot gases of combustion also pass through the mass, driving 
off the moisture and departing fairly cool. The furnace as finally 
developed by the Bureau of Mines, shown in Fig. 1, is something 
like an open-top lime kiln. The idea is to pass the lignite through 
two combustion zones. While three or four such zones might be 
used, two appear to be satisfactory. Combustion is maintained 
by air from the four ducts A in the side walls. The flow of lignite 
is most rapid at the hottest zones between the central circular 
baffles C and the inclined side baffles B. Gases are exhausted from 
the upper perforated outlet D. The char is continuously dis- 
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charged after passing an enclosed cooling device H, in which it is 
protected from the air. The cost of this oven is about $150 per 
ton of capacity. The process has proved simple and efficient. Of 
- the gas driven off, much of it is used in the combustion zone, and in 
addition, less than 5 per cent of the weight of the original lignite is 
burned. That is to say, the fixed-carbon loss in the*process for 
drying and distilling is lower than is usually found for drying alone 
where separate driers are used. The char obtained by such a 
process may, of course, be briquetted. 

8 An oven of this sort was operated at Grand Forks, North 
Dakota, during the past summer, and about 400 tons of various 
North Dakota lignites passed through. In February about 100 
tons of Saskatchewan lignite was tried to discover whether this 
presented any special problems. 

9 About two and a half tons of raw lignite reduce to one ton of 
char, and the heating value is about 12,000 B.t.u. per lb. The 
moisture is very low, and the char can be stored without danger 
of fire or degradation in size. Where the freight charge is heavy, 
it would be an advantage to ship char instead of raw lignite. 


DISCUSSION 


Max Tottz. According to the United States Geological Survey, 
800 billion tons of lignite are deposited in North and South Dakota 
and Montana. While little used heretofore, probably due to the 
low price of eastern coal and the high freight rates on lignite as 
compared with rates from the Illinois coal fields and Great Lakes 
docks, the Northwest is now realizing that lignite is the rational 
fuel for that section of the country. While some steps have been 
taken toward its utilization, certain difficulties must be overcome 
before lignite can compete with coal and other fuels. 

In general, lignite has been considered but little better than 
peat for‘heat generation, and has been used only by people in the 
neighborhood of the deposits. About eight or ten years ago an 
attempt was made to briquet lignite, but it was not found practical 
to do so without a binder. 

The disadvantages of lignite as compared with bituminous coal 
are its high moisture content (30 to 35 per cent) and behavior 
when weathering, with the resulting shrinking, cracking, and dis- 
integrating, usually called “slacking.” Before attempting to estab- 
lish the possibilities of using northwestern lignite, we may consider 
the means and facilities evolved by the Germans since the close 
of the World War. 

Germany’s iron-ore holdings were by the peace treaty reduced 
from 252 per cent of the total ore in Europe to 73 per cent, and her 
coal resources from 40 to 30 per cent of the total. In addition 
Germany was required to deliver to France 25 million tons per year 
of high-grade coal from the Ruhr and two million gallons of benzol. 


104 LIGNITE CHAR: ITS PRODUCTION AND POSSIBILITIES 


It was therefore necessary to develop the lower grades of coal, such 
as lignite and brown coal, for domestic and industrial consumption. 
It was also essential to recover the by-products from these low- 
grade fuels, especially the oils. The first step was to use these 
low-grade fuels directly under boilers as fuel. Central power plants 
were built adjoining the lignite deposits so that the fuel as mined 
could be delivered directly to the boilers without storage, which 
would tend to disintegrate or slack it. In one of these power 
plants, distributing power over a radius of 120 miles, in the majority 
of the boilers step grates were used on which the lignite was burned 
successfully. Chain-grate stokers were also used, but care had to 
be taken to prevent the finer lignite from sifting into the ashpit. 
This station burned 900 tons of lignite per 24 hours. 

Another successful method of burning lignite under boilers was 
by means of a combination of semi-gas producer and step grates. 
The furnace is a Dutch oven, in which a chamber of a gas producer 
is partitioned off from the lower step grates by a wall and arch 
through which the gases escape to the combustion chamber over 
the step grates. The incompletely consumed lignite from the 
producer falls through its bottom upon the step grates, where it is 
finally. burned. The gases of combustion from the fuel on the 
step grates combine with the off-going gases from the producer and 
are ignited by an arch back of the grates. The process in the pro- 
ducer is low carbonizing of the fuel, so that the lignite falling on 
the step grates is practically half coke. The air for combustion is 
supplied partly by fans under the step grates and partly at a point 
under the back arch, after being heated in ducts in the setting. 
This latter air mixes with the gases of combustion. The following 
results have been obtained in this type of furnace and boiler in- 
stallation with lignite of 12,060 B.t.u. containing 43 per cent of 
moisture and 6 per cent of ash: 


Evaporation from and at 212 deg. fahr....... 6.88 Ib. 
Efficiency of furnace and boiler............. 65.75 per cent 
Chimney losses -1e.70.1. a ame eae 21 per cent 
Losses due to ashes, radiation, ete........... 12.5 per cent 
©) 0 Sten A area iamrm rien rans las wre toh ey pei 13.5 per cent 


When using a portion of the chimney gases to pre-dry the lignite, 
an efficiency of from 75 to 80 per cent has been obtained, it is 
claimed. Lignite was burned at a rate of from 60 to 100 lb. per 
hr. per sq. ft. of grate, and peat at rates up to 130 lb. 

In these processes of combustion no by-products are recovered. 
To recover by-products and to produce oils of all kinds and benzol, 
the method of carbonizing the lignite is extensively used. The 
lignite is coked, the coke being finely briquetted. The condensable 
gases are distilled and the oils and other by-products recovered. 
The non-condensable gases are burned in the retorts and ovens and 
the off-going heat of combustion pre-drys the lignite to be coked. 
It was especially stated by one of the engineers that this process 
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of by-product recovery would hardly pay in the United States 
because of the relative cheapness of oils here. ; 

Tn view of the progress made in Germany in developing methods 
of using lignite and brown coal, it is time that in this country ways 
and means were found to make available, at least for the North- 
west, the immense deposits of lignite, not only to conserve our 
fuel resources but also to relieve the transportation system of 
tonnage hauling which could be used advantageously otherwise. 
The author has shown at least one way of accomplishing results by 
making lignite char. I would suggest improving this process by 
using the off-going heat to pre-dry the lignite. Although this 
process has not yet been used on a commercial scale, there is no 
doubt that it will be economical. The author’s suggestion as to 
prepared sizes of lignites is good, but we should go farther. If 
the lignite is to be shipped to distant points it should have not 
over ten per cent moisture —to cut down freight charges on the 
combustible. The mechanical drying of lignite should not be 
excessive in cost. Even if the lignite shrinks or slacks, good re- 
sults can be obtained by burning it on proper grates, sueh as 
step grates, or in a combination gas producer and step grate, 
one such installation being in use at Williston, North Dakota. 
The stack gases should be used to further dry out the lignite. Lig- 
nite may be dried and pulverized at the source, and so shipped in 
closed cars, although it may cake because of the long-distance 
haul. 

It has been demonstrated in a laboratory test that North Dakota 
lignite can be briquetted without a binder after the sulphur has 
been extracted. No further details can be given at this time, but 
this process may lead to a method of briquetting which, if suc- 
cessful, will solve the domestic fuel problem of the Northwest. © 
During the winter of 1922-1923 about 5000 tons of North Dakota 
lignite were used in the Twin Cities, Minneapolis and St. Paul, 
Minn., for domestic fuel under special instructions issued by the 
mine owners. The users have been generally satisfied with this 
fuel, although there has been complaint of the odor accompanying 
combustion. 

It is gratifying to report that in addition to the United States 
Bureau of Mines, the Mining Department of the University of 
North Dakota and the government of the province of Saskatche- 
wan are working for better methods of burning lignite. 


Lessuiz R. THomson.! The Lignite Utilization Board of Canada 
is a body created by Order in Council of the Dominion Govern- 
ment. The Board represents the Federal Government, the gov- 
ernment of the province of Manitoba, and the government of the 
province of Saskatchewan. It was created in 1918, on the recom- 
mendation of the Research Council of Canada, to demonstrate the 


1Ljgnite Utilization Board of Canada, Montreal, Canada. 
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commercial possibilities of a process of providing a high-grade 
domestic fuel to compete with American imported anthracite in 
the Central Canadian West. We are mainly concerned with the 
production of a high-grade domestic fuel, aad do not touch the 
power question. It is quite possible today to burn lignite satis- 
factorily in power installations, as already pointed out. The handi- 
caps of raw lignite have already been touched on, the slack and the 
moisture, but there is one point in connection with lignite that some 
overlook, especially in connection with the briquetting or trans- 
shipment of raw lignite. It is hygroscopic. You may dry the 
lignite to any degree, but if exposed to air it reabsorbs from 13 to 
16 per cent moisture unless shipped in sealed containers. This 
makes it inexpedient to briquet it raw unless a sufficient amount 
of binder is used to waterproof it against that absorption. 

As to by-products, this whole process, so far as the Canadian 
and probably the American Northwest are concerned, is not 
feasible at present, because it is certainly uneconomical to manu- 
facture by-products at high cost unless they can be marketed. 
There are no markets in the Canadian West for by-products 
(except perhaps motor fuel), and until such time as farmers are 
demanding fertilizers it is not economical to produce them. The 
only by-product that is likely to have an immediate market is a 
motor fuel for Ford cars and tractors. 

Mr. Hood’s paper has looked on lignite char as a product of 
itself to be marketed independently, or as a finished product. 
We look on it as an essential stage in the general process of pro- 
ducing a high-grade briquet. Our first effort was directed to that 
end, and as we found that there were no commercial carbonizers 
or retorts on the market that would be suitable for the retorting 
of the raw lignite, we thereupon developed one. We first built a 
small retort, consisting essentially of a floor at an angle of. 45 
deg., which by experiment had been found to work fairly satis- 
factorily. The lignite slid down this inclined floor with heat under- 
neath, and the thickness of the stream of lignite was regulated by 
vertical baffles which had the effect of making the particles tumble 
over each other. This type of retort would give by-products, when 
and if necessary. We built one about 20 in. long, which at first 
refused to work. We eventually built one of semi-commercial 
size, 10 ft. on the floor, which also at first refused to work. Ulti- 
mately, however, both were operated very successfully. From 
these two we got many data on the possibilities and capacities of 
this type of retort. With these data we felt justified in building 
six full-sized retorts, 20 ft. on the floor. These also refused to 
operate. We made certain changes and we got them to operate 
haltingly, but the operation could not be termed commercial. 
It was too expensive, and we had troubles due to bad floor material, 
unsatisfactory refractories, and other items. However, the prin- 
ciple works but probably cannot be made commercial. 

We are now erecting one of the carbonizers as indicated in Fig. 1 
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of the author’s paper. We are attempting from the beginning to 
draw off the small excess of gas, not with the idea of using it for 
the moment, but of improving the operation of the retort itself. 
We do not regard it as having reached a complete commercial 
stage as yet, and we wish to give it a further trial before embarking 
on a larger installation. 

A word or two in regard to technical points may be in order. A 
series of laboratory experiments showed that the B.t.u. content 
of the char varies in a certain way with the temperature of car- 
bonizing. The curve reached the peak at about 575 deg. cent. 
This degree of carbonizing corresponded approximately with 10 
to 11 per cent of volatile matter retained. 

The next point is that the char is not salable at all as far as we 
can see at present; but if a high-grade briquet be made of it, then 
that briquet becomes salable immediately, because all furnaces 
in the Canadian Northwest are designed to burn American anthra- 
cite, and it is primarily with that fuel that we shall compete. 
Since the inception of the Board we have come to the conclusion 
that we must also compete with our better-grade Alberta coals, but 
I believe a high-grade briquet can be made which will compete 
with both and give excellent service for domestic heating. There- 
fore all discussions on the use of lignite char in the Canadian North- 
west in power installations are, for the present, a little beside the 
point. 

The next point is the appearance of the char. Our screen anal- 
ysis corresponds very closely to that given by Mr. Hood. All our 
char will pass through a one-eighth mesh and be retained on about 
170 or 180 mesh if it is retorted at a fairly high temperature. 
Each particle from the Grand Forks retort has a silvery sheen. In 
our own retorts we do not get that sheen, due probably to the fact 
that as the gases come off they are immediately taken away and 
the carbonized lignite itself as it moves down is not exposed to 
any high temperature. On the other hand, with the retort of Dr. 
Babcock the gases come up and are above lignite particles. It 
is believed that the silvery sheen is due to deposits of carbonized 
lignite tar on the particles. It is not known whether or not the 
silvery sheen char makes a better material for briquetting. On 
the whole, however, the problems of briquetting are fairly well 
solved, certainly in a laboratory way, and it only remains to solve 
the ordinary commercial layouts. 

Two criticisms for the future of the retort shown in the paper 
may be made. First, it must be fed certain screened sizes. In a 
country where a large amount of lignite slack and small sizes is 
for sale, it would seem expedient when attempting to make a high- 
grade fuel that raw fuel of the cheapest material should be bought, 
and if the retort will not use it, a very large proportion of the 
possible supply is limited. The second criticism is on the fact 
that although there is provision for a small amount of by-product 
recovery, the final solution of our lignite retorting will probably be 
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found, especially as the population increases, in a retort that will 
give the complete by-products if and when necessary. 


EB. N. Trump. I was much impressed in Germany in 1913 with 
the performance of a new type of furnace for burning lignite, 
which was on the order of a rotary furnace. It was a cylinder 
about 12 ft. long, lined with refractory firebrick, and fitted with 
a pick-up device, at the end nearest the furnace, consisting of a 
scoop which took in a certain amount of the material at every 
revolution. At the end away from the furnace was a hole through 
which the air for combustion entered. That furnace gave a long 
flame of very high temperature. The lignite entering the furnace 
was first dried by the radiated heat from the brick, and then as 
it became char it burned by the direct entrance of the air, which 
was regulated, at the other end. The air was not admitted in 
sufficient quantities to burn the fuel entirely, but it made a gas 
that was carried on into the furnace and the air for combustion was 
introduced around the side of the revolving furnace. Much better 
efficiency was obtained than with the step grate, and for boiler 
use it should be almost ideal. While we have not heard of a rotary 
furnace for making char, it should be quite satisfactory if the 
lignite was heated at low temperatures with a very small amount 
of air. 


H. D. Savacn. From the little experience we have had, burning 
lignite in powdered form presents the simplest and most efficient 
way of accomplishing the end desired. Some years ago, in Okla- 
homa, about seven carloads were burned by Morris & Company in 
pulverized form. No change was made in the plant. In the tests 
an efficiency of about 78 per cent was secured in that plant on this 
lignite at the average capacities demanded. More recently, at 
Lakeside, about five carloads of Colorado brown coal, which is a 
little better grade than lignite, were burned. No change was made 
in the plant. One boiler was set aside and the fuel was put through 
the pulverizing plant and burned in regular operation. The boiler 
operated at from 200 to 250 per cent of capacity. 

Drying of the lignite does not seem to be necessary. The mois- 
ture content of the lignite burned at Lakeside was about 22 per 
cent. The lignite lost a great deal of moisture by air drying, at 
least five per cent the first day, and this loss gradually decreased 
to about one per cent on the last day of the test. A plant is 
now being built at Boulder to utilize this coal. It would seem 
to have great possibilities. 

In burning any coal in pulverized form, with either high ash or 
sulphur content, the difficulties that are met with under ordinary 
methods of burning are not present. In South America coal is 
being’ burned on fourteen locomotives that contains at least 
30 per cent ash and from 7 to 14 per cent sulphur. No difficulties 
are experienced with it except that it turns the coaches white. The 
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Brazilians have spent a large sum of money to develop some method 
of using their native coal, and powdered fuel seems to be the answer. 
Of course the sulphur itself has some heating value, about 4000 
B.t.u. per lb. and by pulverizing this is brought out. 


Tue AutHor. We have assumed lately that for steam-making 
purposes there is no need of processing lignite. It has been shown 
that powdering the fuel is a good plan. It is known that underfeed 
stokers will handle lignite in a satisfactory manner. In a test in 
Fort Worth, Texas, on a chain-grate stoker at 275 per cent of 
boiler rating, the efficiencies quoted are comparable with the 
efficiencies obtained in using good bituminous coal, i.e., efficiencies 
above 70 per cent, so that that phase of the problem is not inter- 
esting us at the present time. 

Answering Mr. Toltz, the trial carbonizing device shown does 
use the heat in the gases, but the gases leave the device at a low 
temperature. In fact, that was one of the troubles in operating. 
The gases went off at such a low temperature that they did not - 
burn, and the smell was such that we had to raise the temperature 
of the gases in order to burn it. In regard to reducing the sulphur 
content of lignite to obtain a product which would briquet, this 
should be compared with a statement that comes from Oregon. 
There, with their lignite, by the addition of sulphur, they are 
producing briquets. 

The problem of raising steam, we feel, is reasonably solved with 
present-day devices. In Germany the step grate is almost the 
universal practice. 

The distillation of brown coal is very interesting. A bed of 
brown coal as it lies in the ground in Central Germany has a 
banded formation, varying all the way from a cream color to a 
barely distinguishable lighter shade than the black brown of the 
main body. These special veins or beds are used for distillation. 
It affects the mining problem. Instead of mining the whole mass, 
these beds are mined by hand and kept separate from the rest. 
Some of that will run as high as 13 per cent of paraffin. Since the 
moisture content is about 50 per cent, the percentage of paraffin 
on a dry basis is very high. That paraffin is the base of a con- 
siderable string of products, some of which are the lubricating oils. 
So, when we speak of the German background to this industry, we 
have to differentiate. They are not taking the whole lignite, but 
are taking particular parts. We have our own material and 
problem and must solve it in our own way and not merely import 
a way from abroad. 
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No. 1892 


RECENT DEVELOPMENTS IN BALANC-— 
ING MACHINES 


By Caru Ricwarp SépEerBerG,! East Pirrspurcu, Pa. 
Non-Member 


In this paper the author describes a machine for balancing quickly and 
at low cost light rotating masses such as the rotors of small electric motors. 
The problems involved are discussed and the solution presented and illus- 
trated. Four appendices are devoted to the discussion of (a) the correction 
of a general state of unbalance by two masses, (b) the requirements for 
constant period of a balancing machine with a movable fulcrum, (c) the 
analysis of the vibrating motion, and (d) the sensitiveness of the balancing 
machine. 


ba Gait balancing of rotating machinery is still far from being an 
exact science, although it has received a great deal of atten- 
tion during recent years. Certain aspects of the problem are 
still giving difficulties. The balancing of small high-speed motors 
for domestic use has been neglected to a great extent because 
satisfactory balancing equipment has not been available. The 
necessity for balancing this type of rotating apparatus is contin- 
ually growing with the increase in speed and capacity and the 
customers’ demands for a lasting product. The present paper is 
a brief description of the efforts made to solve this pressing 
problem and of the balancing machine finally developed that 
eliminated the difficulties and made it possible to manufacture 
quietly running motors. 

2 Several fundamental difficulties, in addition to those encoun- 
tered in balancing rotors of ordinary size, are involved in the 
problem of balancing small rotors. 

a The balancing operation must be performed in a few min- 
utes because the total cost of each unit is so low 

b The high speed necessitates a very accurate balance 

c The actual values of the centrifugal forces that are pro- 
duced by a considerable unbalance are so low that it has 
been found extremely difficult to obtain an indicating 
device for the vibrating motion. 

3 Because of these difficulties several attempts to produce a 
balancing machine for small armatures, operating on the usual 
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principles of separating the static and the dynamic unbalance, 
have failed. It was decided, therefore, at the beginning of the 
investigation to follow a plan that would procure complete bal- 
ancing in one operation, without previous static balance. Arrange- 
ments of this type have been used before, but in these the balance 
is obtained by three weights, two of which cause considerable 
inconvenience in computing. 

4 It is shown in Appendix No. 1 that the general state of 
unbalance can be corrected by two masses, one in each of two 
transverse planes of the body. This can easily be understood 
by recalling the fact that any system of forces emanating from a 
straight line may be counteracted by two forces. 

5 The most common type of balancing machine now. on the 
market consists of a vibrating table so supported on springs and 
a fulcrum that the table is capable of performing small vibra- 
tions around a fixed axis. On this vibrating member are mounted 
the rotor to be balanced, a ‘dynamical image” of this rotor, 
usually consisting of a variable couple, and a driving mechanism 
for rotating the body and its image. If the fulcrum axis is parallel 
with the axis of rotation the unbalanced dynamic couple is elimi- 
nated, and the static unbalance can be ascertained and corrected. 
By shifting the fulcrum axis to a position at right angles to the 
axis of rotation, the remaining couple will be effective and may be 
determined and corrected. In both instances the vibrating table 
performs a forced vibration under the influence of the unbalanced 
forces in the body, and the amplitude of this motion is increased 
by adjusting the speed of rotation so that resonance occurs. Thus 
the sensitiveness of the machine is magnified without undue in- 
crease of speed. The original dynamic balancing machine, the 
squirrel-cage machine devised by Akimoff! several years ago 
was the first arrangement of this kind. Quite frequently the 
static balance is performed on parallel ways. 

6 The static-dynamic balancing machine has the following 
fundamental disadvantages: 


a The static balancing generally increases the magnitude of 
the unbalanced couple because of incorrect longitudinal 
location of the correction weights. Thus the amount 
of balancing weights is greater than necessary 

b The number of places in which correction weights are 
applied is frequently four and cannot be reduced to less 
than three, while the theoretical minimum is two 

e Any error in the static balancing will have a serious effect 
on the determination of the couple. The effect of 
residuary static unbalance is frequently magnified on 
account of the large moment arm. In order to obtain a 
balancing result with a certain tolerance it is therefore 


1 Dynamic Balance, by N. W. Akimoff, Trans. A,S.M,E., vol. 38 (1916), 
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necessary to perform the static balancing with exagger- 
ated accuracy. 

7 With the disadvantages in the existing equipment and 
the special requirements for the balancing of small rotors, the 
following demands were made on the new type of machine: 

a Balance should be obtained by adding the theoretical 
minimum of weights to the body; that is, the two theo- 
retical masses necessary for counteracting the system of 
unbalanced centrifugal forces should be given in the 
result 

b The balancing operation should be performed with uniform 
accuracy; that is, the effect of one mass should be elimi- 
nated while the other mass is determined i 

c¢ The balancing operation should take but a short time and 


Fic. 1 ScurmMatic ARRANGEMENT OF BALANCING MACHINE 


be inexpensive, so that it can be applied to quantity 
production. 


Bautancinec MacuHIne with MovasLe Fuucrum 


8 Fig. 1 shows schematically an arrangement whereby the gen- 
eral state of unbalance may be obtained without segregation into 
static and dynamic unbalance. The body to be balanced is mounted 
in bearing blocks on a vibrating table supported by two spring 
members and a movable fulcrum member. This admits of motion 
around any axis in the plane F-F at right angles to the axis of 
rotation. Assuming that the transverse planes A-A and B-B 
have suitable arrangements for the application of correction 
weights, it is certain, from the above, that any unbalance in the 
body may be corrected by one weight in each of these planes. By 
placing the fulerum axis in one of these planes, say, B-B, the 
theoretical weight in this plane is eliminated as far as its effect 
upon the motion of the vibrating table is concerned. This will 
now be produced by the unbalance in the other plane. 

9 Ifa counterbalancing device for measuring the amount and 
the angular position of this weight is added to the arrangement, 
the unbalance may be determined in the same manner as static 
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or dynamic unbalance is determined in the old type of balancing 
machine. By subsequently placing the fulcrum in the plane 
A-A the effect of the unbalance in this plane is eliminated, and the 
same procedure may be applied for determining the weight in the 
plane B-B. It is evidently of no importance whether the balancing 
weights are applied during the operation or not, since the effect 
upon the vibrating table is reduced in each case to that of one 
unknown weight. It is also evident that this arrangement meets 
the requirements. 

10 This arrangement, which has been called a balancing 
machine with a movable fulcrum, was adopted as the most suitable 
one for balancing small armatures. There is, however, no indica- 
tion that its application will be restricted to small rotors. 


FEATURES OF THE First DESIGN 


11 The subsequent design of an operative machine offered a 
number of interesting problems. There are two possibilities with 
reference to the operation of the device: 


a Determining the magnitude and the location of the un- 
balanced masses by means of a counteracting device 

6 Determining the magnitude of the unbalanced masses by 
the amplitude of the motion, and the location by “‘cut and 


trial” or by ‘‘marking” the rotor. 

12 Although these two systems are different, they have no 
bearing upon the following theories. The first model was built 
and operated in accordance with the second alternative mainly 
because unbalance on the type of motors for which the model was 
built could easily be corrected by inserting wedges into the slots. 
It seems probable that, in this particular case, no gain could be 
obtained in speed of operation by applying a counterbalancing 
device. The following principles relate to either one of these 
alternatives and will be discussed separately for the sake of clear- 
ness. 

13 Speed Variation for Different Locations of the Fulcrum Axis. 
Since the moment of inertia of the vibrating system varies with 
the location of the fulcrum axis, it is to be expected that the natural 
period, and hence the resonance speed, should vary. It has been 
found, however, that an arrangement can be made in which the 
restoring element receives a corresponding variation, so that the 
quotient remains constant. The complete theoretical explanation 
is given in Appendix No. 2. The result of this investigation shows 
that if the two spring members are identical and located sym- 
metrically with reference to the center of gravity of the vibrating 
bed and at a given distance, the natural period of the system is 
independent of the fulcrum location. Fig. 2 gives an illustration of 
the principle for the specific case where the center of gravity of 
the vibrating system is located in the fulcrum plane. 
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14 A constant balancing speed is very essential for efficiency 
and accuracy. The latter is largely dependent on the degree of 
resonance, and a slight error in the speed may distort the result 
altogether. The type of indicating device that was adopted served 
to increase the importance of constant speed. 

15 Naturally the principle does not admit a variety of arma- 
tures to be balanced on the same set-up. As far as small rotors are 
concerned, they are manufactured in large lots, thus making it 
necessary to have a balancing machine for each type. When 
frequent changes have to be made, a vibrating table may easily 
be supplied for each type of armature. 

16 Indicating Device. The indicating device proved to be a 
stumbling block. Attempts to use the ordinary type of dial gage 
indicators failed altogether. There was always the possibility of 
using the conventional mirror and light beam, but it was not con- 
sidered practical in production routine. A vibrating reed was 
finally applied with success. Spring steel 0.125 in. by 0.006 in. is 


M XA ay 
= 3 


Fie. 2 Specran CASE WITH CENTER OF GRAVITY OF VIBRATING SYSTEM 
IN FuLcruM PLANE 


used on the present model and the amplitude of the reed is a 
tolerably good measure of the angular deflection of the vibrating 
bed. The resonance of a reed of this type is considerably sharper 
than the resonance of the vibrating table itself. This is a decided 
advantage, because erroneous readings are eliminated. It necessi- 
tates, however, a constant speed of the driving arrangement. 

17 Driving Mechanism. The requirements for constant speed 
magnified the importance of the driving motor. Several attempts 
were made with a small motor mounted on the vibrating table, but 
without success. The kinetic energy of the rotating masses must 
be sufficient to resist variation in the friction load. As long as the 
driving motor is mounted on the vibrating table, its weight must 
be restricted in order that the vibrating mass may not be too great. 
In the arrangement used at present the rotor is being driven by a 
fairly large a.c. motor mounted on solid foundations. The driv- 
ing belt consists of a silk ribbon. This arrangement has. proved 
to be satisfactory. The disturbance of the belt is not sufficient to 
influence the motion of the vibrating bed. 

18 Predetermination of Sensitiveness. The problem of pre- 
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determining the amplitude for a given unbalance necessitates a 
closer study of the factors that limit the motion at resonance, and 
a better knowledge of the internal friction of springs is therefore 
of extreme importance. Little work has been done along this line, 
however, and there are no reliable methods available for the pre- 
determination of the internal friction in springs. It is generally 
assumed that the damping of a spring is a linear function of the 
speed, and this appears to be fairly true for small motions. A 
variation of the spring characteristic for different degrees of com- 
pression will also limit the amplitude at resonance, although in a 
manner different from that of internal friction. If this variation 
is large it may seriously impair the resonance. The requirements 
of springs for balancing machines are therefore: 


a Straight-line characteristics 
b Low internal friction. 


19 The relation of the amplitude, that is, the angular deflec- 
tion of the vibrating bed, to the unbalanced moment is explained 
in Appendix No. 3. It is shown that the angular deflection is di- 
rectly proportional to the unbalanced moment with regard to the 
fulerum axis and inversely proportional to the damping factor. 
This is true for perfect resonance and for the assumption that the 
damping is proportional to the first power of the speed. It has 
also been found in this investigation that the major part of the 
damping effect occurs in the springs themselves. The total damp- 
ing is therefore a function of the location of the fulcrum axis. The 
minimum of damping occurs at the central location of the fulerum. 
Therefore the amplitude is not a direct measure of the unbalanced 
moment; it is always possible, however, to place the rotor in such 
a manner that the readings have the same value for the two planes 
in which the unbalance is corrected, because the variation of the 
damping factor is symmetrical with reference to the central loca- 
tion of the fulcrum. 

20 There is, however, another factor of importance in this 
connection. It is theoretically true that if the springs have straight- 
line characteristics and a sufficiently low internal friction, a small 
disturbance (unbalance) will produce a considerable amplitude. 
If the disturbance is small, however, the time required by the 
vibrating system to absorb sufficient kinetic energy to attain 
its maximum amplitude will increase. This introduces another 
element into the problem, namely, the proportion between the 
moment of inertia of the vibrating system and the magnitude of 
the disturbance. Common sense tells us that there is a certain 
limit to the moment of inertia of the vibrating system for each 
amount of unbalance to be measured, but no attempt has pre- 
viously been made to establish actual values. In the author’s 
opinion, the time required for the balancing machine to “pick up” 
and the amount of internal friction are the two elements that 
enter into the question of sensitiveness. It is shown in Appendix 
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No. 4 that this time element is largely dependent on the quantity 
P/I; that is, the proportion between the unbalanced moment and 
the moment of inertia of the vibrating system. The minimum 
value of P/I will thus be a logical measure of the sensitiveness of 
the balancing machine. Below are given minimum values of P/I 
that were obtained in the model with a movable fulcrum and three 
other balancing machines of the usual type. 

Value of (P/D) mins 


1 Model with movable fulerum................. 5 p< Ome 
2 125-500-lb. balancing machine............... 0.6 x 1076 
3 500-3000-lb. balancing machine.............. 0.45 x 1076 
4 3000-10,000-lb. balancing machine............ 0.4 x 107-6 


21 These values were obtained by experiments on the balancing 
machines. They are influenced, therefore, by the following factors: 


a The nature of the indicating device 

b The damping factor 

c The actual value of the moment of inertia of the vibrating 
system with regard to the axis of oscillation. 


22 The model with a movable fulcrum has an indicating 
device which records the angular deflection of the vibrating bed 
so that only the sensitiveness of this device (amplitude per radian) 
enters into the expression P/J. The other machines, however, 
are equipped with dial gage indicators so that in the sensitiveness 
of the inflicator is also included its distance from the axis of oscilla- 
tion. This distance is usually made as large as possible. The 
larger machines therefore have the advantage of a more sensitive 
indicator. The dial gage indicators on these machines are all of 
the same type. A total amplitude of 2 deg. (0.002 in. linear motion) 
is considered the minimum detectable motion. 

23 The damping factor and the moment of inertia are variable 
in the model with a movable fulcrum. Therefore the value of 
P/I refers to the central location of the fulerum. 

24 The balancing machines in cases 2, 3, and 4 are of the same 
type. They show a tolerable consistency in the minimum value of 
P/I with a slight increase for the lower capacities. The model with 
a movable fulcrum has a capacity of an entirely different order 
and the value of P/I is increased correspondingly. This illustrates 
the difficulty in obtaining an accurate balance of small rotors. In 
order to keep the minimum unbalance sufficiently low it is necessary 
to have the moment of inertia of the vibrating system exceedingly 
small. 

25 It would be highly desirable if the limiting values of P/I 
could be learned when a balancing machine is purchased. The 
buyer would then be able to tell if the lower limit is consistent with 
the aceuracy of balancing that he wishes to obtain on the smallest 
rotor to be balanced. At the present time it is the practice to 
rate balancing machines with reference to the maximum and 
minimum weights of rotors to be balanced. The upper limit 
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These flat springs press against the knife edges J which have 
center pins engaging in centers on the caps K of the coil springs. 
The flat springs have slots to fit these pins. The slots are 
machined so that. there is practically no clearance in the lateral 
direction but a considerable clearance in the longitudinal. 

29 The coil springs are supported on the longitudinal member 
M by the adjustable seats L. Thus, the length of the springs may be 
adjusted so that the entire weight of the vibrating system is carried 
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Fic. 4 Enp View or Barancinc Macuine with MovaBLte FULCRUM 


by the springs. In this case the pivots carry no other load than 
that of the inertia forces. The carriage # moves underneath the 
spring-supporting member M. This admits of moving the fulcrum 
member past the springs if desired. 

30 The driving motor N is a single-phase induction motor 
starting as a repulsion motor. The load is very small so that it 
runs at its synchronous speed. The armature to be balanced is 
driven by the belt O. The critical speed of the apparatus is about 
1700 r.p.m. The operating speed of the armature is 10,000 r.p.m. 

31 The operation of this balancing machine is as follows: 
The armature is mounted in the machine and the carriage FH is 
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machine slightly modified. The vibrating reed is attached to one 
end of the vibrating bed. As a result of this, the reed does not 
record the angular deflection of the bed in a uniform measure 
for all fulcrum locations. This variation was found to be 


Fic. 6 Bauancotnc MacuIng, SticgHTty Mopiriep 


negligible, however. The production of this machine is about 
twenty armatures per hour at the present time. It may be increased 
considerably as the operator gains in experience. The accuracy of 
the balancing result is + 0.00008 lb. at # in. radius, the two 
balancing planes being | in. apart. 
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APPENDIX NO. 1 


CORRECTION OF THE GENERAL STATE OF UNBALANCE BY 
TWO MASSES 


33. When the axis of rotation and the priacipal axis of inertia of a body 
do not coincide, the system of centrifugal forces produced by rotation is 
not in a state of equilibrium and the body is said to be unbalanced. The 
process of balancing is a change in the distribution of material such that 
the principal axis is brought into coincidence with the axis of rotation. 
The displacement of the principal axis may be conveniently segregated 
into two separate motions: 

1 Displacing the principal axis parallel with itself until it intersects 
the axis of rotation. This can evidently be accomplished by 
addition or removal of material in the transverse plane! of the 
center of gravity. This part corresponds to static balance, al- 
though static balancing generally means balancing on parallel 
ways, In which case the weight is applied in any transverse plane. 


Fic. 7 Perspective Vinw or Rotarina Bopy 


2 Rotation of the principal axis until it is parallel with the axis of 
rotation. This corresponds to dynamic balance. It is accom- 
plished by addition or removal of weights on opposite sides of 
the axis of rotation in the proper longitudinal plane. : 

34 In other words, the provess of balancing brings the center of gravity 
on the axis of rotation and changes the product of inertia with regard to 
the proper plane in such a manner that the principal axis becomes parallel 
to the axis of rotation. When this is obtained the initial system of cen- 
trifugal forces has received an addition of a single force and a couple. 
These counteract the resulting force and the resulting couple of the initial 
system. 

35 It is convenient, therefore, to signify the unbalance by these forces. 
The force is proportional to the static moment S and the couple is pro- 
portional to the product of inertia D. S is the static unbalance, measured 
in mass times length; D is the dynamic unbalance, measured in mass 
times length squared. Having these units, the corresponding force and 
couple are obtained by multiplying S and D, respectively, with the square 
of the angular velocity. The magnitudes of the centrifugal forces are not, 
however, of particular interest, so that the mass is frequently replaced by 
the weight. 

36 Fig. 7 shows a rotating body in perspective. The axis of rotation 
is O-O;; the principal axis is brought into coincidence with O-O; by 


1 Transverse and longitudinal planes in the rotating body represent 
respectively planes at right angles to and parallel with the axis of rotation. 
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parallel displacement in the plane ABCE and by rotation in the plane 
FHIK. The corresponding static moment and product of inertia are S 
and D. Since the couple D can be moved to any position in the plane 
FHIK, it may be represented by two vectors P in any two transverse 
planes AC and BE. The vector S may similarly be replaced by its com- 
ponents S,4 and Sg in the transverse planes AC and BH. The vectors S A 
» and P may be replaced by their resultant R4 and, in the same manner, 
Sp and P by Rp. Thevectors R4 and Rp are therefore equivalent to S 
and D. It follows that the initial state of unbalance may be corrected 
in the planes AC and BE by addition or removal of masses W4 and Wes 
corresponding to the static moments, R4 and Rp. 


APPENDIX NO. 2 


REQUIREMENTS FOR CONSTANT PERIOD OF BALANCING 
MACHINE WITH MOVABLE FULCRUM 


37 A schematic arrangement is shown in Fig. 8. The vibrating member 
is shown as a compact body; in reality it includes the bed, the rotor to 
be balanced, and the driving mechanism. The center of gravity of this 
aggregate islocated inc. The weight is carried by the two spring members 


Fic. 8 ScuematTic ARRANGEMENT OF BALANCING MACHINE WITH 
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Si and Sz and the fulerum member Ff’. This consists of a pivoting arrange- 
ment that can be moved longitudinally to any desired position. The 
system is thus capable of performing a vibrating motion around parallel 
axes in the horizontal plane O-X. Strictly speaking, the arrangement has 
an unlimited number of degrees of freedom; each fulcrum location gives, 
however, a system with but one degree of freedom. 

38 The investigation in this connection will be restricted to the free 
vibrations of the body. The forced vibrations will be investigated later. 
It will be assumed, therefore, that the body is displaced from its position 
of equilibrium by some outside influence, the nature of which it is not 
necessary to define. 

39 The location of the pivot will be referred to a reference plane 
through the center of gravity at right angles to the direction of the motion 
of the pivot. The fulcrum axis is always parallel to this plane. ; Let its 
distance from this reference plane be x, measured so that « is positive for 
locatioas to the right of the reference plane and negative for positions to 
the left. The spring members are likewise located with reference to this 
plane, at the distances a and b, respectively. The center of gravity of the 
_vibrating body is located at a distance h above the fulcrum plane O-X. 

40 For the other quantities, assume the following nomenclature: 
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M = mass of the vibrating body. (Unit = M) 
io = radius of gyration with regard to an axis through the center 
of gravity, parallel to the fulcrum axis. (Unit = ZL) 
ki, ke = characteristics! of the springs. (Unit = MT?) 
Si, S2 = spring reactions. (Unit = MLT™) 
F = reaction on the fulerum. (Unit = MLT ~~) 
6 = angle of deflection from position of equilibrium in radians. - 
(Unit = 1) 
g = acceleration due to gravity. (Unit = LT) 
é=timey W(Unit}= 7) 


41 The moment of inertia with regard to the arbitrary fulcrum axis is 
therefore 
FEO EEE) ace ae eee eee eel 


42 If the body is displaced through a small angle @, the restoring 
moment A: is evidently 
Ri = Si(a— x) — 82(6+ x) + Mg(xe — hé) + 
ki(a — x)?0 + ko(b + x)0 
= Si(a — x) — S.(b+ 2) + Mgx + 
[ki(a — x)?+ ke(b+a”)?—Mgh]@..... . [2] 


43 The first term is independent of 6 and represents the restoring 
moment at rest, hence it must be zero. Therefore 


Bt ina — 2)? + kel + 2)? Moh=R ea Pars ee 


This is properly defined as the restoring factor for this specific fulcrum 
location. . 

44 The system will undoubtedly have a certain amount of friction due 
to internal friction in the springs, friction in the pivots, air resistance, etc. 
This will be neglected at the present time, however, but the justification 
therefor will be evident in the subsequent analysis of the actual motion in 
Appendix No. 3. 

45 D’Alembert’s principle may now be applied to the motion. This 
gives 


dO 
de elie tO neers nin Sn ee eee 


This represents a harmonic motion, the period of which is 


ed ot she st ga Pa 


Replacing T by the corresponding frequency per minute N, and introduc- 
ing the values of J and R from [1] and [3], 


yo 80)/ BG at OE Mah [6] 
7 M (i? + h? + 2) 


46 Assuming ki, ke, a, b, M, and h to be constants, N is a function of 
a. ki, ke, a, b, M, and h may, on the other hand, be considered as poten- 
tially variable. The problem, then, is to find such a combination of a, b, ki, 
ke, M, and h that will make N independent of x. The mathematical ex- 
pression for this is 

ON 0 
ait Tee ose tect cnet oc tek aan emer eae 


1 The characteristic of a spring will be understood to mean the force 
per unit length deflection, that is, the slope of the deflection curve. 
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47 Equation [7], however, may be replaced by the equivalent equation 


0(N)? 
Se ee eee Zot SITY DST 0h) ke ee Sea] 
which is easier to evaluate. Then 
aN)? _ 
gar 
M (io? +h?+2?) [ —2k1 (a —x) + 2ko(b +a) ]—[ki(a —x)?+k2(b+a)2—Mgh]2Ma 


[M Cio? +h? + 2) [9] 


f 48 The denominator is always positive for all values of x. It is suffi- 
cient, therefore, to put the numerator equal to zero. This gives, after 
rearranging, 


(kia — kob)x? + [(ki + kz) (io? + 2) — 
(kia? + heb? — Mgh) x + (kia — kob) (? +h?) =0 . . [10] 


49 Each individual term must be zero if the entire expression is zero 
for all values of x. This gives three equations, two of which, however, 
are identical. The two equations determining the required relationship 
between ki, ke, %, h, M, a and b, are therefore 


Keiter— a0 wets Mea eles oie leh un a ee ot Pe ha'| 
(ki + ke) (to? + h?) = kia? + kab? - Mgh . ... . [11b] 


These are the necessary and sufficient conditions that make N independent 
of x. 

50 To determine which of ki, kz, a, b, M, and h should remain constant 
in these expressions is a matter of choice and design. For other reasons 
it-is desirable to make h as small as possible. Assume, therefore, that h 
is kept constant and that ki, kx, M, a, and b may be varied at liberty. 
It is of course evident that this variation should be made in such a manner 
that the speed is not influenced. There are five variables and only two 
equations. This means that there are an unlimited number of combina- 
tions that satisfy Equations [11a] and [11b]. Putting 


1s Sh Ey (ar ae Wiss alee ele ft 7" | 
and 
Cea pipet eee ois ery, PLSD 
Equations [11a] and [11b] are certain to be satisfied if 
. Qk(to? +h?) = 2kp?-—Mgh ....... . [18] 
This gives 
Mgh 
= y 2 2 ba oar pegs . . . . . . . . . 
Pp ve +h? + Oh [14] 


51 Equation [6], giving the value of N, makes it possible to check 
the above result and to obtain the actual value of N. Introducing [12a] 
and [12b] into [6] gives 


wy = 30 /2h(o? + 2%) — Moh 
ot M (io? + h?2 + 2?) 
With the value of p from Equation [14] 


Mgh Mgh 
2 2 —_ bee aaa 
F 20/2 Hed Heras oT 5p 


T M to? + h? + a? 


_ 30, /2k 
one; M 


. [15] 
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52 Thus, if the spring members are identical and located symmetrically 
with reference to the center of gravity of the vibrating system, the natural 
frequency is independent of the location of the fulerum and determined 
by Equation [15] if one-half of the distance between the springs is deter- 
mined by Equation [14]. 

53 A few remarks on the mechanical arrangement are necessary. It 
is possible to arrange the springs in two different ways. 

(a) Springs Under Tension. In this case the fulcrum member supports 
the spring reactions in addition to the weight. Apart from the fact that 
the load on the fulcrum will be great, it means considerable variation in 
the position of rest for varying fulcrum locations. If the fulerum should 
be moved into coincidence with one of the spring members, no equilibrium 
is possible. The springs have to be spaced quite far apart and the radius 
of gyration of the bed has to be increased accordingly by adding weight 
to the bed. Therefore this arrangement is practical only when he fulerum 
is to be moved short distances from the central position. 

(b) Springs Under Compression. The fulcrum supports only the balance 
of the weight not carried by the spring. This may be reduced to zero 
by proper adjustment of the springs. This arrangement also permits the 
fulcrum to be moved past the springs if the mechanical arrangement does 
not obstruct the motion in other respects. The fact that the load on the 
pivots may be reduced to zero is of especial value because it gives the 
same position of rest for all locations of the fulerum. This arrangement 
has been applied in our development. 

' 54. If the angular velocity corresponding to N be represented by w, 


2k 
o= uM . . [16] 
Introducing this into Equation [14] gives 
ae me a} + h2 + gh 17 
i= Y 0 Ty Mal ata ak Morkaa oie [17] 


As long as h is small, the first term will be dominating. If, however, h 
should be made large, the second term will be considerable, as will the 
third, especially at low speeds. 

55 If h is made equal to zero, 


peice Ke oa ees Be ee te 


that is, one-half the distance between the springs should equal the radius 
of gyration of the vibrating systems with reference to the central axis. 
The same condition occurs if h is negative and of the value 


je Ls 


ma . £19] 

56 When h = 0 it is possible to give a simple illustration of the mean- 

ing of the principle. If the vibrating system be replaced by two equivalent 

masses, the arrangement shown in Fig. 2 will be obtained. If the masses 

are connected by a weightless member, small oscillations about any ful- 

crum axis represent vertical movements of the two masses. The natural 
frequency of a mass M/2 supported by a spring with characteristic k is 

ee #S [2k 

Mes) eee Ue 

T M Tv M 
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which agrees with the result obtained from Equation [6]. 
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APPENDIX NO. 3 


ANALYSIS OF THE VIBRATING MOTION 


57 An investigation of the actual motion of the vibrating system in the 
balancing machine under the influence of an unbalanced body is of interest, 
because it enables us to obtain a relation between the unbalance and the 
amplitude of the motion. It also gives means for predetermining the 
sensitiveness. 

58 Fig. 1 represents the author’s arrangement with a movable fulcrum, 
adapted for constant period. The unbalanced centrifugal forces will pro- 
duce forced vibrations of the system. The only factor restricting the motion 
at resonance is the damping. This makes it necessary to investigate more 
closely the nature of this damping. 

59 It appears that the air resistance and the friction at the pivot do not 
have an appreciable influence uyon the motion. The damping effect must 
therefore be associated with the springs. The exact nature of this property 
of springs has never been properly investigated. It is certain, however, 
that the effect is a resistance against changes in motion, that is, it is a func- 
tion of the velocity. For small velocities one is justified in assuming this 
function as linear. Assume, therefore, that the spring members are such 
that the resistance against changes in the rate of compression or extension 
s can be written 


fe at ost in wale es 520) 


d ; J 4 : 
when is the vertical velocity of the vibrating bed at the spring support. 


This varies with z, the codrdinate of the fulcrum axis, so that the damping 
moment will also be a function of x. It is found that the total damping 
resistance from the springs, peered as a moment with respect to the 
fulcrum axis, is 


dé dé 
= = ( Zoe 
Ry = c(p — x) 7 +c(p +2) a 


do 
A i MPovapr¢Polen ie Mawes. sf] 


The damping factor of the motion is therefore 
Cac (pte apace Shee es on 622] 


60 The effect of the unbalance may be conceived as a moment on the 
vibrating mass with respect to the fulerum axis. The value of this moment is 


Pw? sin wt 


where P = unbalance in mass times length squared, with respect to the 
fulcrum axis. No distinction is made between static and 
dynamic unbalance. P is the resultant of both and varies 
with x 
w = angular velocity of rotation. 
61 Using the same notation as in Appendix No. 2, the following 
differential equation may be obtained: 
da 


Tautou SN op Piph Sin aL. Re coe ne Pe Ea 


62 The solution of this equation contains two terms, the complementary 
function and the particular integral. The former will vanish after a certain 
time interval and only the particular integral will remain. This particular 
integral has the value 
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Po? sin (wt — >) 


= . [24 
4 VC? + (R= Iw)? [24] 
where the phase difference ¢ is determined by 
Cw 
Ss tse Steerer qyins £25 
tan d Ro Ie [25] 


If the speed be adjusted so that 
R 
Beociy Ase 939 ae ee ees Ee eae 


that is} so that the frequency of the impressed force equals the natural 
frequency of the vibrating system without friction,! then 


tan ¢@ = tan ¢d1 = © 
that is, 


hence 
1S e w 
9 = FP sin (wt - 5) 2 Pango hut wi) MOD 


63 The balancing machine under consideration is provided with a 
device which indicates the motion of a point on the vibrating table. Assume 
that this indicating device is arranged in such a manner that the angular 
deflection is recorded. If O0max is this amplitude and w: the resonance 
speed, 

Po 


Omar = tt tt tote tee +o ERI 


_\/2 
(Oo T 


64 Now, if the construction of the vibrating bed is in accordance with 
the requirements for constant period, 


where 


Git, ASM ioe SNS asc ee ae 


Introducing the value of C from Equation [22], there is obtained, for the 
amplitude, 


a Po. 
~ Bele? + 2%) 


Imax 


Py eSOs 


65 The angular deflection of the vibrating table at resonance is directly 
proportional to the unbalance and varies with the fulcrum location. This 
variation, however, is symmetrical with reference to the center of gravity 
of the vibrating system. It is possible, therefore, to arrange the balancing 
machine in such a manner that the readings for two fulcrum locations are 
comparable. 


1 This is usually defined as resonance. The kinetic energy is a maximum. 
The maximum amplitude occurs at a slightly higher frequency of the im- 
pressed force. The difference in amplitude is infinitesimal, however. 
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APPENDIX NO. 4 


SENSITIVENESS OF A BALANCING MACHINE 


66 This subject has not as yet received a great deal of study, in spite of 
its importance. It has been shown in Appendix No. 3 that the maximum 
amplitude is directly proportional to the unbalance P and the angular speed 
wi, and inversely proportional to the damping factor C. From this reasoning 
it is to be inferred that if the damping could be made sufficiently small, 
the effect of a certain unbalance would be independent of the vibrating 
inertia. There is, however, another factor that enters into the sensitiveness 
of a balancing machine, namely, the time required for the building up of 
the resonance amplitude. This time element is of no less importance than 
the final magnitude of the deflection. If it becomes too great, the balancing 
operation is made very difficult and slow. It is difficult to hold the speed 
perfectly constant for any considerable length of time, and even small 
speed variations will prevent the vibrating mass from absorbing energy at 
the proper rate. It has been found that if the vibrating system is too slow 
to build up its motion it is impossible to obtain consistent readings of the 
balancing machine. It is of interest to investigate the factors limiting this. 

67 Assume as before that the effect of the unbalance is represented by 
P, that the moment of inertia of the vibrating system is J, and that the 
resonance speed is wi. The damping factor is C and the amplitude will be 
indicated by 8@. 

68 Since the amplitude of the free vibrations of the system diminishes 


eens 


PA A A : ¢ 
with the expression e , the amplitude will grow from zero to its maxi- 
mum value according to the expression 


a) 
art 
6 = Omax(1 — e€ Veh (ia Varela SShg 
where @mazx has the value 
P 
Dyise= - [32] 


To materialize these conditions, the assumption may be made that the rotor 
is rotated at the resonance speed while the bed is released for motion when 
t=0. After ¢ seconds the amplitude will have obtained the value given 
by Equation [31]. The rate of increase in @ is 


Ci 
dan 26 2 
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ie 
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69 The value of ai at the start, that is, when ¢ = 0, is evidently a factor 


of great importance. This is 


de Py, On 
= ert ree Sh eh (Ey te JL 34 
ee Ta [34] 

1 A similar expression will be obtained from the complete solution of the 
differential Equation [23] in Appendix No. 3 if the integration constants 
are evaluated with these assumptions. When the reduction of the natural 
frequency due to damping is neglected the result will be identical with [31]. 
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This is independent of C and may therefore be predetermined without 
difficulty. 

70 The rate of increase of @ at the start is therefore directly proportional 
to the speed and to the factor P/J. Since the resonance speed varies only 
slightly for varying weights of rotors, it is evident that the minimum value 
of the expression P/IJ is a logical measure of the sensitiveness of a balancing 
machine. The minimum value of P/IJ (or the minimum value of P) should 
be given for each balancing machine because it enables the operator to 
decide whether or not the result is consistent with the desired accuracy. 


DISCUSSION 


G. M. Eaton. The use of balancing machines in connection 
with electrical rotating apparatus has been confined largely to 
electrical manufacturers. The reasons for this, from the stand- 
point of the users of electrical machines, included the practically 
prohibitive first cost of the balancing machine and the high degree 
of technical skill required for operating it. This skill could hardly 
be retained, nor could the price be justified in a maintenance shop 
where the volume of work demanding balance was small. It 
follows, therefore, that if the balance of a rotor which was dynami- 
cally balanced by the builder is disturbed, the user must trust to 
luck, try to balance in a lathe, have a man from the builder’s 
do the hand balancing, or send the rotor to the builder. 

Experience proves that hand balancing is, at best, an approxi- 
mation, and is an art that few men acquire, while the objections 
to the first and last methods are obvious. ‘This places an inescap- 
able responsibility on the builder of electrical rotating machinery. 
A superficial solution would be the avoidance of installations 
demanding refined dynamic balance for successful operation. But 
this is no solution, as it would deprive the trade of machines 
whose functions fundamentally demand the speeds, mountings, etc., 
which can be properly operated only when dynamic balance is close 
to theoretical perfection. 

The Westinghouse Electric and Manufacturing Company has 
clearly realized its responsibility, and has been conducting an in- 
tensive study of the whole subject. The aim of this study, in which 
Mr. Séderberg has played an important part, has been, first, to re- 
duce the balancing operation to the simplest procedure in keeping 
with the fundamental requirements. 

The second ideal in this development is to make balancing 
machines as available as possible to the trade, and, at the same 
time, to broaden the general knowledge of the far-reaching effects 
of the vibrations produced by unbalance in rotating machines. 

With a growth of the realization of what vibration produces in 
general maintenance charges, and with the coincident simplifica- 
tion of balancing machines and the art of handling them, balancing 
machines will be more widely installed. Large operators who now 
serve many units in a single maintenance shop will find it economi- 
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cal to use balancing machines in the comparatively near future. 
In other settings, installations in centrally located service stations 
will be more logical. An attractive third possibility is offered by 
portable balancing machines, which to the limit of their feasibility 
permit the user of rotating machinery to secure balance with a 
minimum of out-of-service time for his machines, and without 
the permanent installation of apparatus not in continual use. 

In analyzing the services where maintenance may be subject 
to material reduction by keeping the rotors in correct dynamic 
balance, the possibility of an interesting general misconception 
has been brought out. The rougher the fundamental service con- 
ditions, the less convincing has been deemed the logic of dynamic 
balance. It is generally accepted that a more or less definite 
amount of maintenance must be encountered, and that running 
balance would be an expensive luxury. Therefore it has been 
thought best to focus attention exclusively on making the appara- 
tus as rugged as possible, and to accept the resulting maintenance 
as representing the irreducible overall economy. 

A little thought, however, shows that the peak forces of an in- 
ternal sustained wave disturbance synchronous with the revolu- 
tions must frequently fall in phase with maximum disturbing 
forces of external origin. This combination produces resultant 
peaks of needless severity. Furthermore the present active 
researches into fatigue phenomena focus attention sharply on all 
sustained force cycles. The old beliefs are therefore being shaken, 
and serious doubt is arising in many minds as to the economy of 
running dynamically unbalanced rotors in rough-and-tumble 
services. 

Cari A. Jounson. A machine invented to utilize a patented 
mathematical process invented by Dr. B. L. Newkirk of Schenec- 
tady and built by the Gisholt Machine Company is shown in 
Fig. 9. This machine applies these principles of dynamic and 
static balancing so that it is possible to obtain complete dynamic 
and static balancing by two single corrections, individually meas- 
ured and located near the ends of the body. 

A spring-mounted and pivoted frame carries a special type of 
headstock and adjustable rollers to support the work. The form 
and location of the springs permit a free vertical vibration of the 
frame about the pivot springs as a fulerum. All revolving parts, 
including the rollers which support the work, are mounted on ball 
bearings. A speed of rotation above the critical speed of the frame 
is first used, the driving power then being disengaged, permitting a 
gradual diminution of speed down to and through the free critical 
speed of theframe. The dial indicator, mounted upon the column 
at the left, Fig. 10, indicates the amount of the required cor- 
rection. : 

A disk at the left of the revolving parts carries a standardized 
10-02. weight, adjustable radially by means of a vernier reading 
to 0.01 in. These parts are exactly balanced when the weight is 
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at zero. The disk is adjustable to any angle by reference to the 
protractor dial. 

With the correction thus arbitrarily applied the machine is 
again speeded up and allowed to pass through the critical speed. 
The second amplitude in this process bears a relation to the first 
amplitude dependent on the angle between the point of applica- 
tion and the point required. After determining and setting off 
this angle, a third run will check the result. A special calculating 
rule at the top of the column at the left (Fig. 10), requiring but 
two settings, determines the corrections proportionate to ampli- 
tude and the angles. 

After the first determination the work is reversed and the 
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correction determined for the plane initially over the pivots, thus 
completing the operation. A critical speed of about 100 to 110 
r.p.m. is generally employed, which permits visual observation of 
the amplitudes and prevents distortion of the work from centrif- 
ugal forces. 

The machine is adapted to a wide variety of work, including 
balancing crankshafts, flywheels, rotors, pulleys, and other re- 
volving parts. It will receive bodies up to 25 in. in swing and 
32 in. between bearings, and within its range is universal in its 
application. Other sizes outside of this standard form will be 
built as required. 

The physical law utilized in the exact measurement of unbalance 
by this process is of wonderful consistency and accuracy, so much 
so that the results of this machine’s readings can be checked 
upon a separate set of scales. In this way it directly establishes 
facts about which there can be no question and fulfills a long-felt 
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requirement for a thoroughly reliable and simple instrument or 
appliance for the precise measurement of rotative unbalance. 

Its use affords a complete analysis of the problem of vibration 
due to rotative unbalance, both as applied to laboratory or to 
ordinary manufacturing and production propositions, and is one 


Fig. 10 Drau Inpicator AND CompuTaTION RULE or GisHoLt MAcHINE 


of the most important of recent contributions to the progress of 
the mechanical arts. 

C. C. Brinton.! The author has described a machine that has 
solved a difficult shop problem, and is a real commercial success. 
This, however, is only the beginning of development in this field, 
The problems to be met include rotors up to about 300,000 Ib. 


1 0 >, 
1 Westinghouse Elec. & Mfg. Co., Hast Pittsburg, Pa. 
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Old methods of balancing cannot meet the requirements of 
modern production on account of the high cost and inaccurate 
results. With the older types of balancing machines, where accurate 
static balance is necessary before a rotor can be run in the balanc- 
ing machine, the small, unavoidable errors of the static balance 
affect the dynamic balance to such a degree that accurate results 
cannot be obtained. This difficulty may be partly overcome by 
taking a second run with the rotor turned around. If the two sets 
of readings do not check, then the proper corrective weight must 
be calculated from the relation of the two sets of readings. The 
older machines, however, are handicapped to a certain extent by 
badly proportioned parts, and much investigation must yet be 
made to determine these important relations. 

A development of the future should be a line of portable bal- 
ancing machines for use where large production is not a require- 
ment but accuracy is essential. The machines could be made at a 
reasonable cost if need of a manufacturing quantity can be shown. 

A rotor that has been troublesome to balance is of the three- 
bearing type with two rotors on the same shaft. Our present ma- 
chines are designed to use only two bearings, and a problem to be 
solved is the design of one to balance such rotors. 

Tur AutHor. The Newkirk machine was developed shortly 
before the machine described in the paper, and the principles are 
somewhat the same, although the author believes that the latter 
machine goes one step farther. Dr. Newkirk also arrives at a 
balancing result without static balance, but it is obtained in some- 
what the same way as in the pedestal type of balancing machines. 
He uses a fixed fulcrum location, and the author believes that he 
changes the position of the rotor with reference to this. He applies 
the fulcrum in the balancing plane only in the first operation. 

Now, according to the principle mentioned in Appendix No. 1 
the remaining unbalance will be a static unbalance in some other 
plane, which is remedied by a second balancing operation. This 
second operation is not performed around the first balancing 
plane, however, but around some other plane. This arrangement 
retains a few of the disadvantages of the old type of balancing 
machines. It is, however, a considerable improvement. One 
reason why the Newkirk method was not applied in our develop- 
ment is that his method of drive does not work for small rotors. 

There is a great distinction between the balancing problems of 
large rotors and of small ones. In the latter case the difficulties 
are multiplied many times. The machine described in the author’s 
paper is specifically made for very small rotors. 

In answer to the question whether a rotor of a centrifugal pump 
will become unbalanced when working in the fluid, having pre- 
viously been balanced empty, it is the author’s opinion that the 
difficulty is not one of mechanical balance, but a question of design 
to be corrected by changing the conditions of flow or some other 
rearrangement of the design. 
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BENDING STRESSES IN CURVED TUBES 
OF RECTANGULAR CROSS-SECTION! 


By 8S. Trwosuenxo,? East Prrrspurau, Pa. 


Non-Member 


This paper analyzes the stresses in bent tubes of rectangular cross- 
section and shows that in the case of thin tubes the distortion due to bending 
results in greater flexibility and less strength than given by the usual for- 
mulas. In an appendix an approximate solution of the problem is ob- 
tained by a consideration of the potential energy of deformation. 


Ae bending of curved tubes is accompanied by a distortion 
of the cross-section. As a result of this distortion thin tubes 
are more flexible and have less strength than given by the usual 
formulas. In one example of a Fairbairn crane, considered later, 
the maximum stress is 67 per cent greater than the value given 
by the ordinary formula for the bending of curved bars. 

2 This paper will consider the case of the bending of a tube 
under the action of moments M only. Referring to Fig. 1, if the 
dimension a of the cross-section is small in comparison with the 
radius of curvature R of the tube, the maximum stress and the 
increase of the angle a are usually calculated by the formulas 


? aM 
i n Vtpg ee Oe key LL 
Pmaz oT [1] 

MR 
Aa= a FF is ee ale oor ee| 2 


where # denotes the modulus of elasticity and J the moment of 
inertia of the cross-section about the neutral axis. 

3 In the case of a solid cross-section these formulas are suffi- 
ciently accurate, but in the case of a tube the problem is more 
complex. The forces of tension acting on any element ss; (Fig. 1) 


1 The case of tubes of circular cross-section has been considered by 
Prof. Th. Karman. See Zeit: Ver. Deutsch. Ing., 1911, p. 1889. ’ 
2 Research Engineer, Westinghouse Electric & Manufacturing Co. 


Presented at the Spring Meeting, Montreal, Canada, May 28 to 31, 
1923, of Tue American Socinry or MrcuanicaL ENGINEERS. 
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and the forces of compression acting on any element rr: give re- 
sultants whose direction is toward the neutral axis. These forces 
produce the distortion of the cross-section shown in Fig. 1(6). 

4 Assuming that the cross-sections of the tube remain plane 
on bending, the conclusion follows that the elongation e of any ele- 
ment ss; will depend not only on the increase Aa of the angle a, 
but also on the radial dis- 
placement w due to the 
distortion of the cross-sec- 
tion. 

5 Let s’s,’ represent the 
position of the element ss; 
after deformation ([Fig. 
l(a) ]. It is seen that the 
extension ls;’ of the ele- 
ment can be represented by 


ls,’ = ks/ — kl 


6 The first term on the 
right-hand side of this equa- 
Fic. 1 Srcrion or Benr Tusp or tion, due to rotation of the 


RECTANGULAR CRoss-SECTION cross-section s,r; about the 
neutral axis X, is equal to 
Stns ee DPR = nee >| Aaa 
a AEN ——; w is assumed to be 
fee 2 


‘J0x70x9mm, Small im comparison with a. 


( 
\ 
a 
So 
a 
y 
3 
ee ae 


crea ee The second term, due to 
radial displacement w, is 
Go ° equal to wa. Substituting 
aS or, ae this value in the equation 
£ we and dividing it by Ra, the 
: 8 ‘et initial length of the element 
g rf ae: ss: (a assumed to be small 
Ges in comparison with R), the 
t ti following expression is ob- 
eee eee eee 940m --------------pl tained for the longitudinal 
B= (500 m7. strain of the element ss: 
Fie. 2. Cross-Section or FArRBAIRN 
Crane Box GirpER % Aaa w 3 
2Rat aie Ur er ee 


Formula [3] may also be used in calculating the compression of 
any element 77. It is seen that as a result of the distortion of 
the cross-section, the stresses at the middle of the plates mn and 
gt become less than those given by Formula [1]. This decrease 
of stresses in the central portions of mn and qt will necessarily be 
associated with an increase of stresses in other parts of the cross- 
section. 


7 The true values of the maximum stress and of the increase 
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of the angle a may be obtained by using Formulas [1] and [2] if 
for I there be substituted a smaller quantity 


Meta ge Ai an 3 a 


where the coefficient 8, less than unity, is to be calculated by 
the following formula (see Appendix): 


1 b/hs\? 2 
12(1 — o*)| 2 shits (Ry | 


All 
f Ly b/he\® 40 b/h2\3 
2, 1 = 4 7, We a (a a ie 9 al (cca 
“( as Ak ee ee E 3 ‘ aa | cb 


12 3 b? hs 6 16 b iis 3 
12ZAQ1 — o?)r{ 1 ¥ 
a ox +2)h1 + Fagen) tae (Z| [5] 


where /, = thickness of horizontal plates mn and gt 
h, = thickness of vertical plates mq and nt 
7, = moment of inertia about neutral axis of the horizontal 


g} hes DINE 


plates 
tz = moment of inertia about neutral axis of the vertical 
plates 
o = Poisson’s ratio of the material (in these calculations 
Ga=10;3) 
b4 
and Bae ripest. Seesaw LO 


8 In the case of a tube of square cross-section and of a con- 
stant thickness h, 


_ ty ha hae 1 
a=6; n=h.=h; Par ieee aap ees 


and from Formula [5] 
49.18 + 1.332A 

= ————  . ..... . £7 
49.18 + 3.232A 


9 The effect of distortion of cross-section depends on the mag- 
nitude of the quantity A. If A is small, 1.e., in the case where the 
radius R and the thickness f are large, the coefficient 8 will be 
nearly unity and Formulas [1] and [2] will give sufficiently ac- 
curate results. Taking another extreme case and putting A = © 
in [7], B= 0.412. In this case the maximum stresses and the 
flexibility of the tube are about 2.5 times greater than the values 
given by Formulas [1] and [2]. 


R 
10 As an example, take so 10; -~=50. Then from [6] 


a 
h 
A = 25, which, substituted in [7], gives 6 = 0.513. The maximum 


stresses in this case will be about twice as great as given by 
Formulas [1] and [2]. 
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11 Asa second example consider the cross-section ! represented 
in Fig. 2. In this case 


BS the ae 0.785; A = 2640 
he a 


The connecting angles and the external parts of the horizontal 
plates have no appreciable influence on the distortion of the cross- 
section, therefore the moment of inertia of their cross-section is 
included in the moment of inertia 72. In this way 


iy = 319 X 108cm.4; i, = 307 X 103m; 2 = 0.96 


U 
Substituting this in [5] gives 6 = 0.60. It is seen that in this case 


the maximum stresses and the flexibility of the tube are 1 : 0.60 
= 1.67 times those given by Formulas [1] and [2]. 


APPENDIX 


12 The approximate solution of the problem of the bending of a 
curved tube may be obtained from a consideration of the potential energy 
of deformation. For a given increase Aq of the angle @ (Fig. 1) the form 
of distortion of the cross-section of the tube must be such as to make the 
potential energy of deformation a minimum. The deflection of the plates 
mn and qt [Fig. 1(6)] may be stated in the form 


oT: 
w = wosin = + an( 1 0s 7) Sen) ee eee LONG 


where wo and wi: are constants to be determined. One relation between 
these constants may be obtained from a consideration of the deformation 
of an element of the tube enclosed between two cross-sections unit dis- 
tance apart.? Considering this element as a frame with rigid connections 
at the points m, n, g, and t, and taking in account the fact that the elastic 
curves for the verticals mq and nt are ares of circles, the curvature of ver- 
ticals will be 


and the bending moment 
Eh 2(dw) 


Gna icide co a eee 


The bending moments at m and n of the horizontal element mn are 


Eh (d’w) 


T= 012 dao" “ph 


The term E/(1 — o?) is taken instead of H due to the fact that the distor- 
tion of cross-sections at bending of mnpq is prevented by the neighboring 
elements. Equalizing [8a] and [8b], 


) -3(?) dt 
dtje=0 2\hoJ \datJ.=o 


1 From description of a Fairbairn crane in Ad. Ernst’s Die Hebezeuge, 
vol. iv, p. 540. 
2 The small angle between the cross-sections is neglected. 
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Substituting for w the value given in [8], 


Wy =i = a 2) 
27a 
Then [8] becomes 


WwW = Wo sin = 4 (a = ¢08 = [9] 
ie 27a 


13 The potential energy of deformation of the element mnqt consists 
(a) of the potential energy of extension and compression in the direction 
perpendicular to the plane zy, and (b) of the potential energy of bending 
of the frame mnqt. The extension of the plate mn and the compression 
of the plate gt are represented by Formula [3]. The deformation in the 
vertical plates mq and n# follows the linear law: 


Aay 


Par aba 


14 The part of the potential energy due to extension and compression 


will be 
ae 
A w\2 "T9fyAa\? 
Ai = Bh fo Gx = ~2Vac some f (Beau 
ee 
Substituting [9] for w, 
a Aa\? aha 2b b? fh2\3 
aoe Bf E =) sae wf 2 és Sea, | z 
Wo? Sy tukeke 8 b2 a }} 2) S 
tas? (Ek: 
aot TR =F "+ oS ane + ERAT) 8 [10] 
15 The potential energy due to bending of the frame mnqt will be 
A «*) Eh (3): (ty 
‘ a - a +) oo)\ ae ea \ ie 
The first term on the right side represents the potential energy due to 


the bending of elements mn and gt. The second term corresponds to the 
bending of mq and nt. 


Substitutmg [9] for w, 


Ehivwot [rt  202/ho\& 8 7? (2) Eh — 4we? 
— —|( — RE ety eb Th | 
Ape 12(1 — o%)|_ 263 ¥ 7 (2) + 3 ap Ia " 12(1 —a”) ab? Ha 


16 The complete expression for the potential energy of the element 


mnqt will be 
A=A:+A2 


17. Calculating the derivativ 


a 
dwo 
b2/h2\§ 40 b/he bt 3 iyi 
wo { xt + 4m (F) oat 2+ 1201 = OA ageathn) * 


16 b(/ he Bee ee ahah mane zy] 12 
a6e(2) |} ME eo) Ral, nee, Lean eR pig tae 


from which wo may be calculated. Substituting this in the equation 


1 Aa 
= —— ee eRe, Sphere rs! se LL 
Aor Mie [13] 
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which is based on the fact that the potential energy is equal to the work 
done by the external forces, 


RTOS Ie. Sie ena 
Ra 


where 6 denotes Formula [5] of the paper. 
18 Inthe case of a tube of square cross-section and of constant thickness, 


hi hea 10 


Equation [12] can then be written 
73 5X 12 A 
Meee, OF tae jo Go as A] - A tanya 
3 127? 20 a 


from which 


aha 0.796A 
24.6 + 1.62A 


Wo = 


When wo is determined, with the aid of [9] and [3] the elongation e at every 
point of the plate mn may be calculated. For example, at the middle of the 


b 
plate mn (: = 3), 


' 1 
WwW = wo ao ~) = 1.318 wo 
TT 
ek Aa 1.592 X 1.318A 
oR a 24.6 + 1.62A 


It will be seen that as A increases the elongation e at this point diminishes, 
and that if A is a large quantity e may become negative. 
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ENDURANCE-TEST DATA AND THEIR. 
INTERPRETATION 


By K. HerptHorer,! PHmapELpura, Pa. 
Member of the Society 


and 


H. Ss6vauy,! PHrmapEvpuHiA, Pa. 
Non-Member 


The determination of the endurance of different products is a subject 
that hitherto has been neglected, yet it is important. It is a general char- 
acteristic of products of nature as well as manufactured products that 
their life varies within wide limits, and it is thus impossible to judge the 
life of a certain type of product by a single observation. 

The average life determined by repeated endurance tests is a valuable 

characteristic of comparison as it shows the general magnitude of life, 
but taken alone it is insufficient to define durability. It must be amended 
by a second quantity expressing the dispersion or range of variation of 
the individual lives, which is an indication of reliability. Since the 
number of available test data is limited, its average is approximate, and 
its precision will depend on the number of data. 
‘ The object of the authors in preparing this paper was to develop 
methods fer computing the probable error of the average life of an object 
or product depending on the number of repeated tests. This error is 
a measure of the reliability of the average. The results are presented in 
the form of a diagram which shows this probable error at a glance. 
Finally, it is suggested that endurance curves may be employed to deter- 
mine whether an elimination test will be advantageous in the case of 
products made in quantity. 


fd lheo: LIFE of all objects, and especially that of machine parts, 
varies widely. This is a general characteristic and applies 
even to objects which apparently are identical, i.e., made in the 
same factory from the same material, and are used or tested under 
identical conditions. It is not the authors’ intention to investi- 
gate the cause of this variability, but rather to represent and to 
interpret the life or endurance of such objects by figures which 
may serve as a basis of comparison when the selection or applica- 
tion of machines or machine elements is under consideration. 

2 Itis customary to express capacity or performance by figures. 
We speak of the horsepower of a motor, the watt consumption of 


1 Research Engr., S. K. F. Industries. 


Presented at the Spring Meeting, Montreal, Canada, May 28 to 31, 1923) 
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a lamp, the gallons-per-minute capacity of a pump, these figures 
indicating whether the machine in question is suitable for the 
purpose or worth the price; and it would be equally valuable if 
we could express how long a gear, a bearing, or a die would stand 
up under given conditions. 

3 It is not customary to specify life data on machines. This 
is partly due to the great difficulty and expense of acquiring such 


S 100 CT = Ta) hal fol Fal I T 

= 4 

5 ee a TT HUMAN | 

2 48) 60 = LIVES [ee 
8 mae Ht 

6 50 } ® Ht 

o& { TT 

=o 20 T S| + + 

S +— 


More thaw 9 20 40 60 80 100 120 |40 160 180 200 220 240 


Years of Age,Per Cent of Average 
Fig. 1 


POG 7 Te 

Benno [S|_|_ [TUNGSTEN LAMPS 

Shas L a (Paste-Extrusion Process) 
< 60 St rt 

ce | na 

° ry) { Tol 
ict : 

ro sh 

ae i 

2 << 

re 


More thanso 20 40 60 80 100 (20 140 160 130 200 220 240 
Hours Endurance, PerCent of Average 


Fig. 2 


Ss 
i=) 


gs, 


2 
i=) 


> 
S 


>» 
Oo 


Per Cent 


20 


umber of Bearin 


tore creo 20 40 60 80 100 120 |40 160 180 200 220 240 260 280 
Revolutions Endurance, Per Cent of Average 


Fig. 3 


Fies. 1-3 Exampnes or ENDURANCE Data PLOTTED IN THE FORM 
OF -CUMULATIVE FREQUENCY CURVES 


data, and partly to the wide discrepancy generally found between 
results when endurance tests are conducted by two independent 
parties. In such cases the degree of carefulness exercised in the 
tests is usually questioned and the testing machines and arrange- 
ments are blamed; but granting this, the lack of agreement is 
mostly due to the variable nature of such data, even if all the 
conditions are uniform. The discrepancy is due to the inherent 
variability of endurance in general. 
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A Meruop or Inrerpretinc ENDURANCE DATA 


4 In spite of this difficulty it is possible to derive endurance 
figures having a comparative value. This may be achieved by 
collecting a great number of endurance data on products of the 
same type and size, tested under identical conditions, and arrang- 
ing the lives in an ascending sequence, the cumulative number of 
individuals being the ordinates and the lives the corresponding 
abscissas. Examples taken from actual observations are shown in 
Figs. 1, 2, and 3. These graphs are called “cumulative frequency 
curves.” 

5 It is advantageous to standardize the total length of the 
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ordinate, calling it 100 per cent, and subdivide it as shown in Fig. 4. 
One hundred per cent would then mean the whole number of indi- 
vidual objects tested. It is easy to pick from the diagram the 
percentage of all the objects tested which have a life longer (or 
shorter) than a given number of hours, revolutions, or other units. 
This idea is illustrated in detail in Fig. 4 and Table 1. 

6 In order to be able to obtain these percentages with a suffi- 


TABLE 1 REPRESENTATION OF TEST RESULTS PLOTTED IN FIG. 4 


Percentage of total Endurance in hours, revolutions, 
number of test objects or other units, more than 

100 20 

90 29 

80 41 

70 55 

60 a 

50 90 

40 adn 

30 135 

20 161 

10 189 

0 220 


cient degree of accuracy, an extensive collection of data is required. 
The number in each interval, say, between 10 and 20 per cent 
must be considerable. Such, however, is seldom the case, for the 
expense of testing often forbids the collection of more than 10 or 
20 data. Such a limited number cannot be split up into intervals 
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upon the content of which dependence can be placed, therefore it 
is preferable to choose a characteristic which is a resultant of all 
the values available. The average or mean of all the values con- 
forms to this requirement, and at the same time it is readily de- 
rived and its meaning simple. In many cases knowledge of the 
average life is sufficient. For example, when a large plant or a 
city has to be illuminated by incandescent lamps, the cost of re- 
placing the lamps may be determined from the average life of the 
lamps. 

7 However, there are other cases where the average alone, 
while important, is insufficient to enable one to judge of the merit 
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Fies. 5 anp 6 ENDURANCE FIGURES OF THE SAME AVERAGE BUT OF 
DIFFERENT DISPERSIONS 


of the product. All the elements of construction from which a 
high degree of reliability is expected must show as small a fluctua- 
tion in endurance as possible. For example, the material of a 
given part of an aeroplane should, in addition to a high average, 
show as little fluctuation as possible. Thus the deviations from 
the average must not be too great. This requirement would ex- 
clude extremely weak specimens. 

8 From this it follows that at least two characteristics, the 
average life and the variation of lives, are required to define en- 
durance. The difference between the two is best illustrated by the 
examples presented in Figs. 5 and 6, which show two cumulative 
curves with identical averages but with different ranges of indi- 
vidual lives, This range or ‘‘dispersion”’ may best be expressed by 
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the ‘ ‘root-mean-square deviation” of lives from the average, be- 
cause this value is mainly determined by large deviations. The 
root-mean-square deviation is obtained by finding the sum of the 
squares of individual deviations from the mean, dividing this sum 
by the number of individuals, and extracting tite square root. 

9 When introducing the average from a small number of tests 
which vary between wide limits, a further question arises, namely, 
how reliable is this value? To answer this question, select, say, 
10 data at random from an extensive collection, determine their 
average, and repeat this process many times. When inspecting the 
large number of averages thus obtained it will be found that their 
frequency of oecurrence will be greater near the mean of the whole 
collection, and that only a few will be found which deviate greatly 
from the total mean. Two factors govern their distribution. The 
TABLE 2 DATA OF CUMULATIVE FREQUENCY CURVE USED IN 


EXPERIMENT ON VARIABILITY OF AVERAGE OF ENDURANCE 
VALUES (SEE FIG. 6) 


Total average endurance of an infinite number of tests = 100 
Root:mean-square deviation from average = 83. 


Endurance values in 50 intervals 


2 26 60 102 174 
4 29 64 108 184 
6 32 68 114 195 
9 35 72 119 207 
11 38 76 125 219 
14 42 80 132 234 
16 45 84 139 251 
18 48 89 146 274 
21 52 93 154 301 
24 56 98 163 347 


first is the number of data (in the present example 10) included in 
a group, and the second the dispersion or range of the individual 
values in the original collection. It is obvious that a more homo- 
geneous collection (Fig. 5) yields group averages lying close to- 
gether, while the opposite is the case with less homogeneous data 
(Fig. 6). 

10 For the underlying purpose of the work it would be con- 
venient to set limits within which a given percentage of all possible 
group averages would be located. Other things being equal, the 
closer the specified limits, the smaller the percentage of group 
averages within those limits. This statement may also be ex- 
pressed in another way: the narrower the limits, the smaller the 
probability of the appearance of average values within them. 

11 The law governing limits when a limited number of data 
of known dispersion are available, will be illustrated first by an 
example. The deduction of this law is given later in the paper. 

12 Assume that a not too small number of data have been ob- 
tained and tabulated (Table 2), and which, when graphically pre- 
sented, appear as shown in Fig. 6. Their average value is 100. 
The root-mean-square deviation from the average is 


j/ et 
Re = 84 


50 
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It is now possible to determine the limits +A within which the 
average value of a limited number of tests on the same product 
will be located with a probability of, say, 50 per cent. The pro- 
cedure to determine the limits for any other value of the probability, 
such as 90 per cent or even 99 per cent, would be similar. 

13. The logarithmic chart forming Fig. 7 renders the computa- 
tion simple. First the number of test data is located on the lower 
bounding line of the chart. Let this number be n= 10. The inter- 
section of the ordinate of n= 10 with the line P = 0.50 (e., 


. A : 
probability = 50 per cent) gives the value + - = (0.213. Since the 
root-mean-square deviation p is equal to 84, +A = 0.213 x 84= 18. 
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Fig. 7 Dtacram or Propasiniry oF AyERAGE WITHIN Limits 


(n = number of objects whose average is taken; & = root-mean-square deviation 
from average; A = limits of the average; p = probability that average is with- 
in + A,) 


This means that the probability is 50 per cent that the average 
life of 10 tests is within the limits of 100 + 18. The probable 
error is thus + 18. Fig. 9 shows these limits. 

14 A second example is shown in Fig. 8, where n = 10 and 
= 58. The average is 100 + 12 at 50 per cent probability. A 
comparison of Figs. 8 and 9 shows the influence of the dispersion 
on the limits. 

15 The probability may be visualized. Imagine the test series 
repeated a great number of times. Each series has a different 
average. In case of the 90 per cent probability, 90 per cent of all 
the averages would lie inside the limits and 10 per cent outside. 
In other words, the chances that the average of any of the series 
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will lie inside the limits are 9 to 1. Similarly, the 50 per cent 
probability represents equal chances, for which reason the magni- 
tude between the limits is called the probable error. 


VERIFICATION OF THE PRoposeD Mrruop 


16 The procedure for determining the probable error of the 
average, and the more general case of setting limits which include 
the average at any desired probability, having been described, it 
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Fie. 8 anp 9 Limits InctupING 50 Per Crent or ALL PossIBLE 
AVERAGES OF 10 VaturEs PickED AT RANDOM FROM THE 
‘CUMULATIVE FREQUENCY CURVES OF Figs. 5 AND 6 


remains to be shown how the values used in plotting Fig. 7 were 
obtained. 

17 From the theory of least squares it is known that the proba- 
bility P of an error + A of the average value of n observations 
may be expressed by the formula 


Vn A 
, ajgiae 
P ae edt . . . . . . ial 
+ /\ ae 6 


where p is the root-mean-square deviation. This formula has been 
derived under the assumption that the errors of individual observa- 
tions occur at random, i.e., that they follow Gauss’s law of fre- 
quency of error. 
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18 Fig. 7 is based on Formula [1] and is constructed as follows: 
The number of tests n and A/p are arbitrarily assumed, thus deter- 
mining the upper limit of the integral. The integral may then be 
evaluated by tables found in handbooks. The corresponding 
values of A/u, n, and P may then be plotted, preferably on 
logarithmic paper. 

19 It remains to be shown, however, that Formula [1] is ap- 
plicable with sufficient accuracy to cumulative frequency curves 
(Figs. 1, 2, 3, and 4) which do not necessarily follow Gauss’s law. 
TABLE 3 EXPERIMENT ON.THE VARIABILITY OF THE AVERAGE 

VALUE OF A LIMITED NUMBER OF DRAWINGS 
(Each score is the average of 10 drawings from the numbers given in Table 2.) 


Percentage of vie. ; J 
ideal average ——-——— Distribution of 250 scores 


50 to 60 11111 11 

60 to 70 ile bes Ui BaF Oa By Uh eB a 

70 to 80 an Bp Uh Ug Bs Ba Be Ly Bp se a Ba OW at a 

80 to 90 TI a De Ee Se 
90 to 100 8 Uh 6) Os By Haga M8 Ur 82 Bld U9 BO tO og Sea gua Po tag a 


100 to 110 TU ee A 
110 to 120 Gs Wa Wa Fae i EO a a Ls i a ta a Us aa 

129 to 130 6s Ga Wa By aa Up Uh Bt Koh 0 8 1G 0B Weg 

130 to 140 T1100 LETT 2ITIT 2 

140 to 150 11111 111 


20 A general proof based on the symbolic method appears to 
be difficult because the shapes of the cumulative curves are arbi- 
trary. For the purpose in hand it was considered sufficient to 
apply Formula [1] to two cumulative curves which represent 
typical conditions such as obtain in practice. In order to broaden 
the limits of the proof, extreme conditions have been chosen. 

21 In the first example a cumulative curve is assumed the 
asymmetry of which with respect to the average is pronounced 
(Fig. 6 and Table 2). The endurance values which define this 
curve were derived from actual test series. In the second example 
the curve is a straight line (Fig. 5). This symmetrical distribu- 
tion corresponds to the so-called problem of De Moivre. 

22 The proof consists in computing the probabilities by a 
method the correctness of which cannot be questioned. These 
values are then to be compared with those derived by using 
Formula [1], when the comparison will bear out any possible 
discrepancy. While for the first example an experimental method 
was used, the second was calculated according to a rigorously cor- 
rect formula.! 


1K. Czuber, Wahrscheinlichkeitsrechnung, 3d ed., pp. 63-66, Leipsic; 
B. G. Teubner. 
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23 The experimental procedure was as follows: The figures 
given in Table 2 were printed on small wooden disks and collected 
inanurn. A disk was drawn therefrom and its number recorded. 
This disk was then returned and the contents of the urn were 
thoroughly and systematically mixed to insure a random appear- 
ance of the disks. The procedure was then repeated a great number 
of times (2500). Figures thus obtained were arranged in groups of 
n = 10 in the sequence they appeared. Each group was averaged 
and the results arranged as in Table 3. The frequency of average 
within a certain interval may be found from this tabulation. The 
probabilities thus obtained and the corresponding values calculated 
by using Formula [1] are compiled in Table 4. 

24 In case of the straight-line distribution (Fig. 5) the proba- 
bilities for given limits and 10 tests per group were calculated from 
De Moivre’s formula. These figures are also entered in Table 4 
with the corresponding values calculated from Formula [1]. 

25 The agreement between the corresponding figures is satis- 
factory, justifying the approximation involved in the use of Formula 
[1], which serves to determine the limits of averages such as those 
derived from endurance-test data. The agreement would be still 
better for n>10, while for n<10 the accuracy would necessarily 
be lower. 


IMPROVING THE ENDURANCE OF QUANTITY PRopDUCTS BY ELIMINA- 
TION TESTS 


26 In addition to their function of gaging quality and relia- 
bility, cumulative endurance curves may be applied in a construc- 
tive manner. Imagine a quantity product having a cumulative 
frequency curve like that of Fig. 1. It is evident that this product 


TABLE 4 VERIFICATION OF FORMULA [1] FOR 10 DRAWINGS 


(a) Svrarcut Linz, Fic. 5 (Root mean square = 0.577; average = 1.000) 


Frobability 
A = Limit on either Caleulated according Mathematically 
side of the average to Formula [1] or Fig. 7 correct values 
+0.1 0.416 0.412 
0.2 0.727 0.722 
0.3 0.900 0.900 
0.4 0.967 ~ 0.973 
0.5 0.994 0.995 
0.6 0.999 0.999 
(b) CUMULATIVE FREQUENCY CURVE, (Root mean square = 0.893; avg. = 1.000) 
Fia. 6 —-——————_ Probability 
A = Limit on either Calculated_according Experimentally determined 
side of the average to Formula [1] or Fig. 7 from 250 scores at 10 
drawings. (See Table 3.) 
+0.1 0.294 0.280 
0.2 0.549 0.544 
0.3 0.742 0.764 
0.4 0.868 0.892 - 
0.5 0.940 0.952 
0.6 0.976 0.976 
One 0.992 0.996 
0.8 0.997 1.000 
0.9 0.999 1.000 
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would be considerably improved by subjecting it to an endurance 
test resembling service conditions for about one-tenth of the time 
of the average life before the product left the factory. By this 
procedure 35 per cent would be eliminated, improving the average 
of the remainder by approximately 50 per cent. 

27 An improvement is not always effected by running all 
articles through such a test. For example, the products dealt 
with in Figs. 2 and 3 would lose in value by this process. 

28 <A judgment as to whether an elimination test will be ad- 
vantageous or not, can only be based on a careful study of cumula- 
tive endurance data. 


CONCLUSIONS 


There are three characteristic figures which define the endurance 
quality of a product. 

(1) The average life, which shows the general magnitude of life 

(2) The dispersion or root mean square, which expresses relia- 
bility of the product itself 

(3) The probable error of the average. This indicates the relia- 
bility of the average; in other words, it shows whether or not the 
test has been repeated a sufficient number of times. 


No. 1895 


STEEL-CAR CONSTRUCTION AT THE 
ANGUS SHOPS OF THE CANADIAN 
PACIFIC RAILWAY, MONTREAL 


By H. R. Naytor,! Monrreau, CANADA 
Non-Member 


In 1909 the Canadian Pacific Railway, to meet the increasing severity 
of modern traffic requirements, originated a box car having its entire frame 
built of steel. The production of such equipment in quantity necessitated 
the erection of an additional shop for the fabrication of the steelwork, and 
the structure built embodied in its arrangement many novel features for 
the rapid handling of material to and from the machines and also during 
the various stages of assembly. 

The present paper describes this shop very completely, giving particulars 
regarding its layout, crane facilities, machine equipment, etc. The various 
machining operations and the jig method of car assembly, first put into 
practice at the Angus shops, are presented in detail, and the methods used 
in the final erection and finishing of cars are dealt with at some length. 


COMPARISON of the modern 60-ton steel-frame box car with 

the 30-ton wood-frame box car commonly built fifteen years ago 
brings out two points: the complete change in design, and the effect 
this change in design must have had on the car shops. It is obvious 
that the facilities for building the wood-frame car would be quite . 
inadequate for the steel car and must have created new problems 
with which the car builder had to contend. 

2 The gradual increase in locomotive capacity, making possible 
the hauling of longer and heavier trains, subjected the wooden cars 
to severe service conditions, which were in turn met by steel under- 
frames and other steel reinforcements; and at each stage of ad- 
vancement wood framing was gradually replaced by steel, until in 
1909 the Canadian Pacific Railway originated a box car having 
the entire frame built of steel. 

3 The earlier type of steel-frame box car was built with center 
sills of 15-in. channels, side sills of 8-in. channels, side and end 


1 Asst. Works Mgr., Angus Car Shops, Canadian Pacific Railway. 


Presented at the Spring Meeting, Montreal, Canada, May 28 to 31, 1923, 
of Tar AMERICAN Society oF MecuanicaL Enainners. Abridged. 
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of its erection it probably represented the best practice on this 
continent, the good features of other shops being combined with 
the original ideas developed at the time the layout was planned. 

5 The freight section of the shop was designed to construct 
steel-frame box cars in the most economical manner, and although 
some minor modifications have been made in the machinery 
layout and erecting equipment to meet subsequent developments, 
the shop has well served the purpose for which it was intended 
and has furthermore proved equally satisfactory for building large 
orders of automobile, refrigerator, coal, and flat cars, in addition 
to steel snow plows and other snow-fighting equipment. At in- 
tervals between new car construction the shop is used extensively 
for repairing and rebuilding steel freight and passenger cars. 


DESCRIPTION OF THE SHOP 


6 The new shop (Fig.l) faces a midway upon either side of 
which are also located the supplementary shops, the midway being 
served with overhead traveling cranes. It is a steel-frame struc- 
ture, with steel columns carried on concrete piers, the lower founda- 
tion walls being of concrete, to a height of 23 ft., above which the 
walls are of red brick. The sash frames are of steel, the total sash 
area being approximately 40 per cent of the total wall space. The 
roof is carried on steel trusses with ample skylight area. The floors 
are of 4-in. concrete with 2-in. mastic top. 

7 The shop has three main divisions. The front one, facing 
the midway and occupying the entire front, is the machine section, 
consisting of two 100-ft. bays running parallel to the midway, the 
one adjoining the midway being 2092 ft. long, while the inner bay 
is 182 ft. long. Each bay is served by a 10-ton electric crane of 
the open-latticework type of 964 ft. span, and a height to base of 
rail of 283 ft. 

8 The freight-car erecting section is situated in the rear of 
the machine section, is 72 ft. wide and 405 ft. long, and is equipped 
with two 10-ton traveling cranes of 674 ft. span, and a height to 
base of rail of 27 ft. 

9 The passenger-car erecting section consists of four bays of 
a total width of 110 ft. These four bays with the 72-ft. freight- 
car bay complete the full width of the back of the machine shop. 
Each bay of the passenger-car section is provided with a separate 
2-ton traveling crane of 24 ft. 10 in. span and a height to base of 
rail of 21 ft. 

10 Material is stored along the entire front of the shop, be- 
tween it and the midway, in a yard 100 ft. wide served by a 
10-ton crane of identical span and height with those in the ma- 
chine section in anticipation of future shop extension. This crane 
runway extends beyond the shop limits and spans several tracks 
where cars of material can be readily switched and unloaded. 

11 The arrangement of tracks in both freight- and passenger- 
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car erecting shops is shown in Fig. 1. Trucks are delivered from 
the car-truck shop by means of the track parallel to the south 
wall of the freight-car shop, and the turntables shown. 


CRANE FACILITIES 


12 The whole area of the shop is traversed by electrically 
operated traveling cranes so arranged that it is possible to install 
an unusual number, and yet maintain for each crane complete free- 
dom of operation at all times. The crane arrangement governed 
the shop layout. In order to make the machine section of the 
shop independent of the erecting sections so far as crane service 
was concerned, the crane runways in this section were installed in 
a direction transverse to those in the erecting shop. It was thus 
possible to equip the two machine bays with separate cranes, each 
having a wide range of action with no interference. 

13 The machine layout is arranged to relieve the overhead 
cranes to the greatest possible extent, particularly in the handling 
of the larger members, such as center and side sills which must pass 
over two punching machines situated in the different bays. After 
the first operation the sills are transferred to the second machine 
by special devices independently of the overhead cranes. On 
completion of the machine operations they are skidded over to the 
assembling trestles in the erecting shop without assistance from the 
cranes. : 

14 The two cranes in the freight-car erecting shop, operating 
on the same runway, are entirely free from machine-shop handling, 
and as the first one is assigned to the preliminary assembly posi- 
tions and the second to the final assembly positions, there is no 
overlapping or interference. 


Tue Macuine EQuipMENT 


15 The machine shop is equipped with the following machinery: 
Four automatic spacing punches, five coping punches, five high- 
speed punches, two horizontal punches, one 7-ft. 6-in. gate shear, 
one 10-ft. gate shear, one angle shear, one 36-f{t. plate-edge planer, 
one 30-in. circular saw, one 30-in. metal band saw, one 7-ft. plate 
roll, one 10-ft. brake, one bulldozer, two special plate-drilling 
machines, and miscellaneous drill presses, all driven by independent 
motors. The arrangement of the machines is such that the material 
after each operation moves forward in the direction of the erecting 
shops, thereby reducing material handling to a minimum. 

16 The high-speed punches are belt-driven direct from motor 
to flywheel, gears being dispensed with. Clutches are of the 6- 
point type. The heads are equipped with two punches which 
are controlled by gag levers. These machines are well adapted for 
punching the smaller plates for which metal templets are made 
up and into which holes are drilled; by inserting a pin or gage 
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in each successive hole and butting the plate against the pin, the 

desired spacing is obtained. For heavy punching four automatic 

spacing punches of moderate capacity were installed, and as the 

five additional coping punches are duplicates of those used in the 

Se spacing tables, replacement can be made with but short 
elay. 


Tue MacuINING OPERATIONS 


17 The larger members such as sills, cover plates, side plates, 
etc., are stored in the yard in front of the shop. The smaller 
parts such as posts and braces, bolster and cross-bearer dia- 
phragms, etc., are made by bulldozers and hydraulic presses in 
the blacksmith shop. 

18 Narrow-gage service tracks carry material from the storage 
yard to the machines. The progress of material through the 
machine shop is as follows: Center sills and side-sill channels are 
loaded by overhead crane, brought into the shop on service lorries, 
and deposited on trestles opposite the traveler at the rear of center- 
and side-sill web spacing punch No. 775. Two air-operated travers- 
ing jacks lift the sills in pairs and place them on the traveler 
rollers ready to pass through the machine. On the far side of this 
punch, is an elevated runway carrying the traveler head which 
grips the sills with its projecting jaws and automatically spaces 
the punching. Along the traveler runway steel templets with pro- 
jecting pins engage a trip lever suspended on the head of the 
traveler, close the electric circuit, arrest the travel of the head, 
and close the circuit of the punch control; the punch then com- 
pletes the operation. After passing through this machine the sills 
are released from the jaws of the traveler, lifted by jib cranes 
and deposited back to back on the rollers of sill-flange spacing 
punch No. 777, which are placed directly opposite the delivery 
end of the web punch. On completion of the first operation the 
sills are disengaged from the head clamp and pushed back over 
the rollers to the starting point, where they are again turned over 
by a special device attached to the jib cranes and passed through 
the machine for the second operation on the opposite flanges. 
The sills are then lifted by the traveling crane of the inner section 
of the machine shop and placed on the rollers of coping punch 
No. 763 directly opposite, where draft-key and lever slots are 
punched, completing the operations on the sills. 

19 The center-sill and body-bolster cover plates and similar 
plates are punched on spacing punch No. 750. The side plates are 
punched on automatic spacing punch No. 764 in a similar manner 
to the sills, passing through the first and second operations in pairs. 

20 In all of these operations the passage through the machines 
is rapid and the accuracy of the spacing mechanism is such that the 
punching error is slight and far less than it would be were each hole 
marked off and punched independently. 

21 Certain parts cannot be handled satisfactorily on the spacing 
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punches, yet the punching must be equally accurate or otherwise 
much of the benefit obtained from the spacing punches is lost 
when the parts are assembled. The machining of the ends of the 
side posts and braces is an example of this kind. In this case 
special combination dies shear the ends to shape and punch the 
group of holes in one operation. 

22 The bolster cover plates and diaphragms are machined in a 
similar manner, the cover plates being passed over the spacing 
punch and the diaphragm flanges punched in one of the coping 
punches equipped with special dies for punching the flange holes in 
one operation. During these operations the machine is relieved of 
excessive load by varying the length of the punches, resulting in 
the holes being punched consecutively. 


Fie. 2 Jigs Usrep In ASSEMBLING UNDERFRAMES 


23 The usual practice for freight-car work is to punch rivet 
holes to a diameter not exceeding that of the rivet, and, when the 
parts are bolted together, to ream the holes to a size not exceeding 
that of the rivet by more than 4}, in. 


THE Jig Meruop or ASSEMBLY 


24 The erecting of steel-frame box cars by the jig method was 
originated at the Angus shops. By this method the underframe, 
side frames, and end frames are assembled on jigs as complete units 
ready for the final assembly of the car. The jigs consist of stands or 
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cradles by means of which the various members are accurately 
placed and held in proper relation to each other until they are 
riveted together. As each member lies flat in the jig the draw- 
ing together of the parts is reduced to a minimum, wedge bolts 
being used extensively for this purpose. A complete unit being 
assembled in one operation, the possibility of a cumulative error 
is avoided. The jigs dispense entirely with checking for square- 
ness, alignment, and location of connection holes. 

25 The center-sill channels after passing through slot-punching 
machine No. 763 are skidded from the idler rollers to trestles just 
inside the erecting shop, where the draft castings are temporarily 
bolted on and the holes reamed ready for riveting. An electric 


Fic. 3 Jig Usep In ASSEMBLING SIDE FRAMES 


hoist on a runway below and clear of the overhead cranes, swings 
the sills into position and the draft castings are riveted on by a 
compression riveter. The individual sills are then moved across 
to a position on the left where the two center sills are assembled 
and riveted with bolster center castings and separators in position. 
The sills are placed on stands on which are four fixed pins corre- 
sponding to four rivet holes in the sills at the center line of the 
bolsters. Perfect alignment of the two sills is thus assured, which 
simplifies the application of cover plates later on. The draft gear 
is also applied in this position. 

26 The next step is the assembling of the underframes, and as 
this is a lengthy operation, four positions are assigned for the 
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purpose as indicated in Fig. 1. These jigs, as shown in Fig. 2, con- 
sist of four steel cradles located at bolster and cross-bearer centers, 
and so arranged that each member of the underframe is held in 
proper alignment and at centers that will cvincide exactly with 
connections on the side frames. The bottom cover plates of the 
bolster and cross-bearers are first. placed on centering pins; the 
overhead crane then places the center sills in position, to which are 
attached the bolster and cross-bearer diaphragms with their cover 
plates and center-sill cover plate complete, after which the assembly 
is bolted together and the holes reamed ready for riveting. 

27. The underframes are then swung over by the overhead crane 


Fie. 4 Puactne THE SipE FRAMES IN PosITION 


to the riveting jigs on the right, which are constructed similar to 
those used for assembling, thereby maintaining the proper align- 
ment. Each riveting position is equipped with two 50-ton compres- 
sion riveters suspended from swinging jib cranes, the posts of which 
are in line with columns to the right. The crane jibs are 21 ft. 
long, with runways for air hoists. The suspension mechanism is 
so arranged that the riveters can be tilted to drive the rivets in the 
inclined bottom flanges of the bolster and cross-bearers. The 
compression riveters were specially designed on the scissors prin- 
ciple, with a thin nose to permit of the top and bottom rows of rivets 
being driven without turning the underframe over. 

28 The side frames, consisting of the side sill, side plate, post, 
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braces, door posts, and track, are assembled as a unit on a jig frame 
situated abreast of the underframe jigs. This jig, as shown in Fig. 
3, consists of channel-iron stands, the four corner ones of which 
are capped with short sections of channel iron in which are holes 
for locating exactly the side sills and plates. The stands on either 
side are tied together with angle bars which carry additional cross- 
bars upon which the various members of the side frames are placed 
in proper relation to each other. In this position the side frame is 
temporarily bolted, reamed, and riveted ready for the final assembly. 

29 Originally the end frames were assembled on jigs similar to 
those used for the side frames, but in recent years the end-post 


Fic. 5 Car WITH STEELWORK COMPLETED AND READY FOR 
FINISHING 


construction has been replaced by corrugated-steel ends. These 
steel ends and the end sills are assembled on trestles located be- 
tween the final assembling tracks, and when temporarily bolted 
together they are skidded to the second and third positions where 
they are then reamed and riveted. In the fourth position end 
ladders, roof-frame brackets, and other parts are applied, the com- 
pleted ends being placed opposite the final assembling position. 


Tue Finat ERECTING 


30 As the trucks are assembled and painted, they are delivered 
from the truck shop and enter the erecting shop by the side door 
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immediately ahead of the underframe and side-frame jigs, where 
they are turned on a turntable and placed in position on the assem- 
bling track. The underframe completed in the riveting jig is then 
lifted by the overhead crane and placed on che trucks, the slings 
are released, and a steel end is next placed in position and bolted 
on the end farthest away from the side-frame jigs; the side frames 
are then placed in position as in Fig. 4, and finally the second 
end, along with the center and side-sill cross-ties. The brake- 
cylinder reservoir and piping are also applied at this time. 

31 The car is then moved by car haul to the second position 
where the assembled members and the roof framing are riveted in 
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Fic. 6 Virw or INTERIOR OF PaInTING MACHINE FROM ABOVE 


place. In the third position the safety appliances, brake rigging, 
couplers, uncoupling rods, ete. are applied, the remainder of the 
riveting completed, and the entire frame as shown in Fig. 5 is 
then sprayed with the priming coat of paint ready for finishing. 


FINISHING THE CAR 


32 The steel frames are switched each day to the wood-freight- 
car shop where the decking, sheathing, roofing, and doors are 
applied and the painting operations are completed. The deck- 
ing is of 1}-in. red pine and the sheathing of 14-in. Douglas 
fir, both having tongued-and-grooved joints. The lumber is kiln 
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dried, the moisture content being carefully limited in order to pre- 
vent the possibility of further shrinkage later on. 

33 Before leaving the planing mill the sheathing, roofing, 
and running boards receive their priming coat of paint in a painting 
machine recently developed at the Angus shops and which differs 
from those in use elsewhere. The boards on leaving the matcher 
pass automatically through the painting machine shown in Fig. 
6 where they are sprayed by a series of nozzles which can be 
set in any desired position according to the surfaces required to 
be painted. The paint is drawn up through suction pipes from the 
bottom of the box by means of air jets blowing across the nozzles, 
and as ejected it is atomized by the air and blown on to the boards 
in the form of a fine spray. The amount of paint to be applied is 
controlled by air valves or by regulating the speed at which the 
boards pass through the machine. No brushing or wiping is neces- 
sary. The boards on leaving the machine are piled on trailer trucks 
and distributed by tractors to the shops when dry. These machines 
‘will paint at the rate of 200 running feet per minute, which is about 
as fast as the boards can be conveniently piled for drying. 

34 The first operation in the wood-freight-car shop is to apply 
the decking, the joints of which are previously coated with a thick 
paint compound, as are also the ends of the boards making contact 
with the bottom boards of the side sheathing previously applied. 

35 The side sheathing which has already received the priming 
coat of paint is next applied, and to insure that the sides of the car 
will be watertight, the joints are coated with paint compound, 
after which they are wedged down into position and bolted to the 
framing. The end lining is then applied in a similar manner but 
vertically. In the succeeding operation the roof is applied, the 
boards and metal sheets of which have previously been primed. 

36 After the doors are hung and the remainder of the safety 
appliances have been installed, the car is given two additional coats 
of paint and stenciled. It is then complete and ready for service. 


DISCUSSION 


F. O. Wuircoms.! The construction of steel cars in railway shops 
presents some differences from contract-shop practice. Since a 
contract shop seldom, if ever, puts through two lots of cars which 
are identical, and further, speaking for Canada, since there are 
never any very large orders executed at one time, it is unwise to 
spend much money on large or even medium-sized special tools, 
such as blanking and gang tools. These do not represent a capital 
expenditure, and, naturally, must be charged to the individual order 
for which they are designed. Therefore our practice is to use the 
spacing punches, multiple punches of individual set-up, and single- 

1 Production Engineer, Canadian Car & Foundry Co., Ltd., Montreal, 
Canada. 
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punch work from templets. We insist on accurate work, and when 
the car is constructed we find little difficulty in assembling it square 
and true to dimensions. The railway shop man can then work 
with the car designer and build the car around the existing tools. 

Construction. In Par. 26 the author describes at length the jig 
method of building underframes of freight cars. We disagree with 
him on this practice. With accurate punching and pressing of 
members an underframe can be built on the skid method very 
accurately, and with much greater despatch, the result being a 
cheaper car. The first operation of boxing sills on the skids starts a 
progressive system of building, and any desired production up to 
the limit of the track may be obtained by adding fitting and riveting 
gangs. Our practice is to fit and assemble the underframe in six 
positions on the skids, and at this point the underframe is placed 
on its own truck. In ten moves on the track the car is ready for 
the woodwork, having received its priming coat of paint on the 
steelwork. With such an arrangement an average of 42 cars per 
day has been made, taken over one month, with a production of 
52 cars in 11 hours as the maximum for a day’s work. For pas- 
senger work and street cars it is absolutely necessary to build the 
underframe in jigs in order to put in the camber of the sills and 
level the floor beams. 

Electric rivet heaters are valuable in Canada where electric 
power is cheap and oil expensive. In our plants these machines 
have proved to be very economical and remarkably free from 
maintenance. Another great advantage is the saving of rivets, 
which is very marked, as a burnt rivet is practically unknown. On 
a 9-hr. continuous run a three-head machine showed a saving of 
$8.83, while a five-head machine showed a saving of $12.65 for 
the same time. 

The continuous painting machine is to be commended, as should 
be any other practice which will make for the longer life of cars. 
The railroads would do well to inaugurate an intensive campaign 
for better paint conditions. 

In applying the lumber to our cars we follow the same method 
as for building the steel part of the cars, viz.: the track system, the 
flooring, sheathing, and roofing, and two coats of paint being put 
on in this operation. After this the cars leave the track and are 
set off to have air brake and stenciling applied, and are put through 
the shipping track inspection prior to shipping. 


Max Tourz. When we first designed steel cars the main point 
was to reduce the dead weight of the car as compared with the live 
weight. In recent years the dead weight has grown in proportion 
so that it now is 45 per cent of the live load. Care on the part of 
the car designers in devising new methods of reducing the dead 
weight of a car would probably be of considerable benefit. The 
use of the proper material, such as nickel steel, etce., would effect 
a considerable reduction. It is not the cost of the car but its 
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weight that should be reduced. The less weight we carry on the 
rails, the more money we can make. 


Aueustus SmitH. The New York Central have, within recent 
years, adopted a container system so that freight can be put in 
boxes and lifted bodily on and off the car frames. It is to be hoped 
that the box-car designers will design box cars so that the top 
can come off to enable a crane to get material which is too heavy 
to roll through the door, or to lower trays down through the roof. 

The increasing difficulty of obtaining manual labor makes it 
desirable to so design box cars that they will lend themselves more 
readily to the handling of their contents by mechanical means. 


Tue AvurHor. Mr. Whitcomb questions the advisability of 
constructing special blanking and punching tools for other than very 
large orders, such never being executed in Canada. He apparently 
overlooks the fact that Canada has the two largest railroads on 
this continent, and has a number of railroad and contract car- 
building plants capable of turning out any number and variety of 
cars which may be required. Also these railroads have a tendency 
to standardize the designs of their cars and to repeat their orders 
for such designs, so that both railroad and contract shops will find 
it economical in many cases to make special shop equipment and 
tools. 

The author is rather of the opinion that hesitancy to construct, 
such tools with the intention of saving in tool expenditure unnec- 
essarily increases final production costs. It has been found that 
the cost of preparing such tools, even for orders of 500 or 1000 
cars, proved to be a good investment. By using tools of this 
description ‘‘marking off” costs are eliminated and the various 
parts of the car are more readily and cheaply assembled, owing to 
the parts being more accurately machined. Mr. Whitcomb also 
favors the skid method for building underframes, except for pas- 
senger or street cars, for which he considers the jig method essential 
in order to obtain the necessary camber and floor-beam alignment. 
Even for freight cars it is not good practice to depend entirely on 
the accuracy of the punching and presswork when assembling an 
underframe 40 ft. long, or more, for unless the bolsters and cross- 
bearers are in line one with the other, a twisted underframe will 
result. Furthermore the whole superstructure will later be stressed 
to take this same irregular formation. 

Aside from the question of production and costs as between these 
two methods, would it not appear of greater advantage to build 
large orders of freight cars on jigs than relatively small orders of 
passenger cars? As regards production, the jig as compared with 
the skid method reduces the number of moves or operations, for 
when once the center sills are riveted, the underframe is assembled 
and riveted complete in two moves ready for the application of the 
superstructure. The steel underframe of a box car having channel 
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centers sills, when assembled on jigs is completed ready for the 
woodwork in nine moves, and similarly the fish-belly type of con- 
struction is completed in seven moves. which is less than that 
claimed for the skid system. A further and very important ad- 
vantage gained by the adoption of the jig system is that it prevents 
overcrowding. For example, the assembling and riveting of the 
underframes can be divided into three or more batteries, each 
battery having three assembling jigs and one riveting jig, making 
in all twelve jigs. Every one of these can be fully manned without 
interference or congestion, which will have an important bearing 
on production costs. 
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A series of tests to determine the effect of changes in the number of 
teeth, spiral angle, rake angle, and cutting speed of the cutter on the power 
consumption, tendency to chatter, and stresses set wp in the machine, 
led to the following conclusions: 

Coarse-tooth milling cutters require less power to remove a given amount 
of metal per minute than fine-tooth cutters 

When compared on a chip-per-tooth basis, the finish given by a coarse- 
tooth cutter is better than by the fine-tooth cutter 

Low-cutting-speed operation of fine-tooth cutters to give a large feed 
per tooth increases the stresses in machine and fixtures. 

Fine-tooth cutters are inferior to coarse-tooth cutters when the relative 
tendency to chatter is considered. 

Moderate rake angles reduce the power consumption and are desirable 
on all cutters to be used on mild steel. Large rake angles increase the 
tendency to chatter. 

The spiral angle has little effect on power consumption; a considerable 
spiral angle is desirable, however, as fewer teeth may be used, smoother 
action 1s obtained, and the tendency to chatter is reduced. 

With certain exceptions noted in the paper, coarse-tooth cutters of the 
type now generally manufactured are superior to fine-tooth cutters for all 
classes of production work. 


SERIES of investigations at the plant of the Brown & Sharpe 
Mfg. Co. to determine the effect of changes in the design of 
milling cutters form the subject of this paper, which comprises a 
study of the effect of changes in the number of teeth, spiral angle, 


1 Milling-Machine Engineer, Brown & Sharpe Mfg. Co. 
2 Associate Professor of Mechanical Engineering, Brown University. 


Presented at a joint meeting of the Philadelphia Local Section and the 
Machine Shop Division of THe AmpRICAN Society oF MecuanicaL ENGI- 
NEERS, the Engineers’ Club of Philadelphia, and the Philadelphia Section 
of the American Institute of Electrical Engineers, Philadelphia, February 
27, 1923. Abridged. 
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rake angle, and cutting speed of the cutter on power consumption, 
tendency to chatter, and stresses set up in the machine. 

2 As cutters and not machines were to be compared, variables 
due to the machine alone should be eliminated. It therefore 
seemed best to make most of the tests with the work held rigidly 
on the milling-machine table and to determine the power used by 
the cutter from the figures of the input into the motors driving the 
machine. 

3 An old-style Brown & Sharpe No. 3 heavy plain milling 
machine with a constant-speed drive shaft was used. Upon its 
table a fixture was placed into which dovetailed steel specimens 
6 in. wide and 18 in. long could be fastened by means of a gib. 
The cutters were also rigidly held as they were keyed on a 13-in. 
arbor, arbor supports were used on both sides of the cutter, and the 
outside braces were bolted during all of the tests. Errors due to 
distortion or vibration in the machine or arbor were thus eliminated 
as far as possible. 


MEASUREMENT OF PowER USED BY CUTTER 


4 The power figures desired in making comparisons between 
cutters are the amounts required by the cutters alone and should 
not include the friction losses in the machine unless the friction has 
some direct relation to the pressure exerted or power required by 
the cutter. 

5 The spindle and table were driven by separate motors. 
The efficiency of the spindle drive at different capacities and 
speeds was determined by a prony brake on the arbor. A horse- 
power-kilowatt curve was then drawn with the power delivered to 
the arbor, and the difference between the no-load kilowatt reading 
and the reading under load as coérdinates. 

6 The proper treatment of the power required by the table is a 
more difficult problem. Here the no-load kilowatt reading includes 
the motor losses and the friction losses in all of the bearings up to 
the table clutch, and these losses remain nearly constant for all 
loads. The additional power required when the table is operating 
under load is not only that needed to overcome the pressure of the 
cutter, but a much greater amount due to the friction loss in the 
lead screw and thrust bearing caused by that pressure. As this 
friction varies with the pressure, it seems obvious that it should be 
charged against the cutter if conditions calling for different pres- 
sures are to be compared. The authors therefore took as the net 
power required by the table the difference between the motor out- 
put under load and that when driving the feed mechanism alone, 

7 <Any milling-machine table drive is necessarily of low effi- 
ciency due to the fact that the table must not continue to move 
and drive the lead screw after the table clutch is thrown out. 
This limits the efficiency of the drive to a reasonable margin of 
safety below 50 per cent when operating on a high-speed return, 
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and to a much lower figure at cutting speeds. This low efficiency 
makes little difference under ordinary conditions as a very small 
proportion of the total power of the machine is taken by the table. 
This would be changed if the practice of using low cutting speeds 


were carried to an extreme. This condition is further discussed 
later. 


CUTTERS 

8 High-speed-steel cutters 3} in. in diameter were used in 
all of the tests, excepting a few tests with two 6-in. side milling 
cutters. All of the 33-in. cutters used in the tests to determine 
the effect of the number of teeth had 30-deg. spiral angles and 
10-deg. rake angles. As the formula derived by Professor Airey 
and Mr. Oxford ! called for 20 teeth in such a cutter, this was put 
at one end of the series, a Brown & Sharpe standard cutter with 
eight teeth came in the middle, and a four-tooth cutter was added 
to give an extreme condition of coarse spacing. A number of tests 
were also made with a 10-tooth cutter. Additional comparisons 
were made between the two 6-in. side milling-cutters, one of 
which had 12 teeth and the other 26 teeth. The latter cutter was 
15/;, in. wide and the former 1 in.; otherwise they were exactly 
alike. 

9 Other sets of cutters alike in every particular except the 
element to be studied were used in the tests to determine the 
effect of variations in spiral angle and rake angle. The sizes of 
these cutters are given in the discussion of the results. 


. Merat USED IN THE TESTS 


10 As the only object of the investigation was to compare 
cutters, mild steel was used in all the tests. This was done to 
enable the authors to make enough cuts to be sure of their results 
and to eliminate as far as possible variations due to lack of uni- 
formity in, the metal being cut. Fortunately most of the tests 
were made on blocks which were fairly uniform. 

11 The properties of the steel in all the specimens used in the 
tests were about the same with the exception of the }-in. bar. 
The values for tests on specimens 0.505 in. in diameter and 2 in. 


long are given below: 
\4-in. Bar Other Specimens 


Elastic limit, lb. per sq.in........... 50,300 42,000 
Breaking load, lb. per sq. in.......... 73,500 68,000 
Elongation, per cent... i eee ee 34 35 
Reduction of area, per cent.......... 62 62 
IDprinell hardnessa. ses etten ss cr ne ee 126 126 


Mernop or Maxine Tests 


12 A light cut was always taken along the specimen before 
starting any test, to guarantee that the depth of cut would be 
constant. The table was then fed up the desired amount, and 


1 The Art of Milling, Trans. A.S.M.E., vol. 43 (1921), p. 549. 
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from two to six tests were made at this depth of cut in the 18 in. 
of length of the block. At the end of the first cut the table was 
run back and the depth of cut checked. The exact figure for the 
feed was determined by taking the time with a stop watch and 
measuring roughly the distance traveled with a steel scale and 
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(Material cut, mild steel; width of cut, 5.5 in.; depth of cut, 0.200 in.) 


correcting this figure to 0.001 in. by reading the dial on the 
lead-screw handwheel. The exact amount of metal removed per 
minute was thus determined. 


13. Before and after each test, readings were taken to deter- 
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mine the friction load, and several readings were made during the 
test to determine if the power remained constant. The differ- 
ences between the readings under load and the no-load figures 
multiplied by the proper constants gave the horsepower delivered 
to the cutter arbor and to the table lead screw. A number of tests 
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Fria. 4 Power Reaqurrep BY CoARSE- AND Fine-TootH Currers — 
Constant Sprep, VARIABLE FRED 


(Material cut, mild steel; width of cut, 0.535 in.; depth of cut, 0.200 in. and 0.400 
in. as indicated in figure.) 


were also made on a special fixture to measure horizontal and 
vertical pressures by use of two Kenerson traction dynamometers. 

14 The results are plotted in the form of curves having as one 
coordinate either horsepower per cubic inch per minute or pressure 
along the table. The former figure is used instead of the more 
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common cubic inches per horsepower, as in some cases the sum of 
the cutter and table power is given as well as the cutter power 
alone. For the other codrdinate cubic inches per minute, feed per 
tooth, or maximum chip thickness is used. The latter quantity 
was used extensively in the paper by Professor Airey and Mr. 
Oxford, and they claim that the power required per cubic inch of 
metal per minute will be the same for the same maximum chip 
thickness for all cutters having similarly shaped teeth, irrespective 
of the number of teeth. 


Errecr or NuMBER OF TEETH IN CUTTER 


15 Several groups of tests were run to study the effect of 
varying the number of teeth in the cutter. In the first group the 
speed and depth of cut were kept constant and the feed varied. 
This varied the chip per tooth and the output in cubic inches per 
minute and gave the comparison between cutters where equal 
finish is required for corresponding capacities. In the second ~ 
group of tests the feed and depth of cut were kept constant and 
the cutting speed varied. This gave a constant output and a 
variable chip per tooth. For the same feed per tooth the best 
surface finish is secured with the coarsest-tooth cutter. In the 
third group the depth of cut was kept constant and the cutting 
speed varied with the feed so as to give a constant chip per tooth. 
The output varied with the speed. This showed the effect of the 
cutting speed on power requirements. 

16 The tests in the first group are plotted in Figs. 1 to 4. 
These show that for the same cutting speed the cutter with the 
smaller number of teeth always takes less power and that this 
difference is more noticeable on wide cuts. The fine-tooth cutter 
chattered considerably on these cuts, especially when the depth 
was 0.200 in., where it was impossible to use it beyond a limited 
capacity. This shows that the width of the work is a necessary’ 
factor in the determination of the number of teeth in the cutter. 

17 Ina number of the tests plotted in Figs. 3 and 4 the fine-tooth 
cutter was run at approximately. half the standard speed to see 
what effect this had on power consumption. When compared on 
the basis of cutter power alone the slower speed showed a saving, 
but not enough to bring it down to the coarse-tooth cutter. When 
the table power was added to the cutter power, the relative ad- 
vantage of the slower cutting speed practically disappeared. 

18 The real criterion of the effect of chip size on power re- 
quirements can best be determined from tests with constant out- 
put but variable feed per tooth. The second group of tests were 
along these lines. See Figs. 5 and 6. These show that the power 
efficiency is greater with coarser-tooth cutters even when com- 
pared on a chip-per-tooth basis and when only the power required 
by the cutter is considered. If table power is added to cutter 
power the advantage of the coarse-tooth cutter is even more 
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apparent. In these curves the sum of the cutter and table power 
comes to a minimum as the cutting speed is reduced, after which 
the table power increases more rapidly than the cutter power is 
reduced by the increased size of the chips. This point is referred 
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19 Fig. 7 gives the results of a series of tests where the hori- 
zontal thrust along the table was measured at several different 
cutting speeds and two different outputs for each of five cutters. 
As the depth of cut was small, the power required by the cutter is 
practically equal to the product of the pressure multiplied by the 
velocity of the cutter. This checked rather closely with the amount 
determined from the wattmeter readings where these were taken. 
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20 In this figure note that the pressure increases as the cutting 
speed is decreased to give a larger feed per tooth. Also if two 
cutters with different numbers of teeth are operated at the same 
total feed and also the same feed per tooth, the pressure caused 
by the cutter with the larger number of teeth is greater by a some- 
what larger amount than given by the tooth ratio. The eight- 
tooth cutter is a little high on this basis, due to the fact it was 
duller than the others. Machines and fixtures have limitations 
in the pressures for which they are designed, and this limits the 
extent to which it is desirable to go in running fine-tooth cutters 
at slow speeds to give a large chip per tooth. 
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21 The curves for higher feeds all fall below those for lower 
feeds when plotted on a feed-per-tooth basis. The main difference 
between these tests is that the cutting speed is higher for the larger 
feeds. This raised a question as to the accuracy of the assumption 
often made that the cutting speed has no effect on the energy re- 
quired per cubic inch of metal removed, and a special series of 
tests were made to study the effect of this variation. The results 
of these tests are presented a little later in the paper. 

22 The data given in Fig. 7 were plotted on logarithmic cross- 
section paper and found to form a family of curves of the equation: 


P= At ths 
where P = horizontal pressure along table 


t = feed per tooth, and 
A = a constant depending on cutter and feed. 
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The number of tests involved is not sufficient to commit the 
authors absolutely to the power “/,;” but they feel sure that 
the correct figure is only a small amount below unity. 

23 Having an equation in the above form, it is possible to cal- 
culate for shallow cuts the proper relation of cutting speed and 
table feed to give the minimum power noted in the discussion of 
Figs. 5 and 6. Given 


V = cutting velocity in feet per minute 
v = table velocity in feet per minute 
E = efficiency of the table 


ll 


IPs 

Hors r= ———| V + — 
orsepower = 3575 i( + 7 fala] 

But P = At® and t = Bv/V, where B = a constant depending on 

the cutter. Substituting these values in [1] and solving for the 

value of V to make the power a minimum for any given feed and 

table efficiency, 


7) 


A 100 x : 
ectie Ria fe sae t ie | 4 
For example, if x = 4/;; and # = 14 per cent, V = 1002. 

24 Equation [2] gives a limit beyond which there is no saving 
in power when the cutting speed is lowered to give coarser chips 
per tooth. 

25 Figs. 8 and 9 give the results of studies with the side milling 
cutters. Fig. 8 shows tests where the cutting speeds were such 
that the fine-tooth cutter took practically the same chip per tooth 
as the coarse-tooth on corresponding cuts. Compared on the 
basis of cutter power alone, the coarse-tooth cutter was superior; 
this advantage became still more pronounced when the table 
power was added. In attempting to carry the cut of 4 cu. in. per 
min. with the fine-tooth cutter, the key in the arbor sheared. 

26 Other series of tests with these cutters are shown in Fig. 9, 
the epmparison being on a maximum-chip-thickness basis. Here 
again the fine-tooth cutter required more power and also proved 
inferior from the standpoint of chatter. 

27 Frequently in comparing results on a feed-per-tooth or a 
maximum-chip-thickness basis the power required per cubic inch 
per minute and the pressures along the table have been less for 
higher cutting speeds. The tests shown in Fig. 10 were therefore 
run to check up this relation. The chip per tooth was kept nearly 
constant as the cutting speed was increased. The results show that 
the horizontal pressure and the power required per cubic inch of 
metal per minute decreased as the cutting speed increased. ‘The 
vertical pressure between cutter and work remained constant. 

28 It would doubtless seem from the foregoing that the effi- 
ciency of milling is increased by greater feeds per tooth. If these 
heavier chips are secured by using lower cutting speeds, the loss 
in the table becomes greater, the cutter itself requires more power 
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per unit of metal than would be required for the same chip at 
higher speed, and the pressures between cutter and work become 
greater. The answer from the standpoint of power efficiency 
alone is then to use the cutter with the fewest possible teeth and to 
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run it at higher speeds where the size of the chip is too great. The 
limitations to this practice are the danger of hammer or shock due 
to lack of continuity of cutting and the possibility of overheating 
the edges of the teeth due to the heavy pressures and high speeds. 
The structural_strength of the tooth itself is not a limitation in 
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well-designed cutters as this is practically always greater than the 
strength of the key or the arbor. The relation between the over- 
heating of the edges of the teeth and the number of teeth in the 
cutter can only be settled by judgment, as no work has been done 
on the relative effect of cutting speed, volume and length of chip, 
ductility of the metal, and energy required per chip on rise in 
temperature. 
Errect or SprraL ANGLE 


29 A large number of runs were made on a set of three 10-tooth 
cutters with spiral angles of .10, 20, and 30 deg., respectively, and 
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(Material cut, mild steel; width of cut, 5.5 in.; depth of cut, 0.050 in.) 


on two 20-tooth cutters with spiral angles, respectively, of 20 and 
30 deg. In addition, two series of tests with a three-tooth 60-deg. 
spiral cutter are shown in Figs. 1 and 2. The average of the tests 
shows practically no difference in power required for the different 
spiral angles. In the case of the three-tooth cutter the authors 
believe that the lower power requirement is due to the number of 
teeth instead of the spiral angle. 

30 While increased spiral angles showed no advantage from the 
standpoint of power, they were of very great benefit in reducing 
tendency to chatter and in giving smoother action. The vertical 
pressure between cutter and work was also somewhat less. The 
end thrust with the 60-deg. spiral cutter was not noticeable as 
far as the machine was concerned. 


Errect or Rake ANGLE 


31 Tests were made with three 10-tooth cutters having rake 
angles of 0, 10, and 20 deg. and with two 20-tooth cutters having 
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0 and 10 deg. rake. The increase in rake angle from 0 to 10 deg. 
caused a saving in power of 20 to 25: per cent, with a somewhat 
smaller saving on the increase to 20 deg. Tendency to chatter 
increased only slightly between 0 and 10 deg. rake, but became so 
great as to limit definitely the capacity of the cutter when increased 
to 20 deg. This limitation seemed to be more serious than the 
danger of burning or chipping the edge. Rake angles of 10 deg., 
therefore, are desirable on cutters, but any considerable increase 
beyond this point limits the usefulness of the cutter. 


CHATTER 


32 Chatter rather than the power of the machine is often the 
limiting factor in milling. For this reason many engineers urge 
that more rigid machines be built to eliminate this trouble, without 
realizing that a great deal may be accomplished by the proper 
choice of cutters. A summary of the elements which affected 
chatter in these tests is therefore given in the following paragraph. 

33 Tendency to chatter was greatly reduced as the number 
of teeth in the cutter approached a low figure. Increase in spiral 
angle also reduces the tendency to chatter, and a combination of 
wide-spaced teeth and steep spiral angle in a cutter will give the 
maximum capacity along this line. Moderate rake angles increase 
the tendency to chatter but little, while large rake angles greatly 
decrease the capacity of the cutter. 


DISCUSSION 


Joun Atrey, In the matter of rake the authors agree substan- 
tially with the recommendations made as a result of experiments ! 
conducted by Carl J. Oxford and the writer at the University of 
Michigan. Practically every one who looks into the subject be- 
comes convinced of the advantage of increasing rake up to certain 
limits, and it is inexplicable that such a large number of cutters 
should be marketed as standard with zero rake. 

The authars state that as speed is increased the efficiency with 
which metal can be removed is decreased. While this is contrary 
to the results of his experiments, the writer is not prepared to dis- 
agree with it. In his chip-investigator work! the average of 
some 1200 experiments, at three different speeds, showed a maximum 
variation in efficiency of three per cent. As the region of speed 
then investigated was considerably lower than that dealt with 
by authors, the two results can be reconciled. 

The method used for measuring power is of fundamental im- 
portance, and the writer takes exception to that used by the 
authors. The same method was fully considered and rejected in 


1 On the Art of Milling, by John Airey and Carl J. Oxford, Trans. 
A.S.M.E., yol, 43 (1921), p. 549, 
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outlining the Michigan experiments. In this method the measur- 
ing instruments have to be calibrated; the motors have to be 
examined for frictional losses; the machine has to be similarly 
examined; as also the feed mechanism; and in each one of these 
an error enters. 

There is a much more important objection, however, than these 
errors. The frictional loss in the machine is not the same during 
cutting as it is when the machine is running under a prony-brake 
test, and the additional friction caused by the end thrust of the 
cutter should not be charged to the cutter. In investigating the 
fundamental action of a cutter it is necessary to distinguish between 
energy absorbed by the machine and energy transformed into 
heat at the cutting edge. The former does not affect the grinding 
life of the cutter. The latter certainly does. While machine loss 
strictly traceable to the cutter should be investigated and con- 
sidered, this should not be confused with energy absorbed by the 
cutter proper. The obvious place to measure the energy is right 
at the cutter, where it is necessary only to measure the torque 
exerted and roughly measure the speed of the machine, because 
the relation of the feed to the spindle revolutions is known, irre- 
spective of speed. 

The authors state that coarse-tooth cutters always show up 
advantageously from the standpoint of finish. There are two 
points of view to be considered: First, if the cut is solely a finishing 
cut and the same feed per revolution be given to both coarse- 
and fine-tooth cutters, then admittedly the metal is removed less 
efficiently with the fine-tooth cutter, due to the decreased chip 
thickness. However, the energy actually used in metal removing 
proper is a negligibly small proportion of the total energy used in 
finishing cuts. 

Second, if the cut is a roughing cut and must also produce a 
finished surface, it is generally argued that revolution marks indi- 
cate the degree of roughness of surface. The pitch of the revolu- 
tion marks is feed per revolution, and it will therefore be propor- 
tionate to number of teeth in cutter for a given chip thickness. 

While revolution marks leave a surface that is a series of waves, 
the inexactitude of a supposedly plane surface is measured by its 
maximum deviation from a true plane rather than by the period 
of cyclical change. For a given cutter diameter and feed per revo- 
lution there is a certain critical eccentricity of cutter relative to 
spindle such that if the actual eccentricity is less than this critical 
value, any added feed per revolution merely increases the pitch of 
the wave but leaves the depth constant. This is determined by 
the maximum deviation from concentricity of cutter. 

Table 1 enables users of milling machines to judge roughness 
for any specific set-up. For a given cutter diameter and feed per 
revolution, if the cutter runs as true as, or more nearly true than, 
the value given in the table, any increase in feed per revolution 
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will only increase the period of wave, leaving the maximum de- 
viation from a true plane unaffected. 

From the foregoing it is conceded that in the majority of cases 
the depth of wave will be increased with an increase in the number 
of teeth. But this increase of depth is not continuous as spacing 
is reduced because the limiting condition, at which depth of wave 
remains stationary for subsequent increases of feed per revolution, 
is never far away with a well-set-up job. 

Tooth Spacing. As a result of their experiments, Mr. Oxford 
and the writer arrived at the conclusion that for a given material 
and shape of tooth the sole criterion of the efficiency with which 
metal can be removed is the chip weight, or, to be more exact, the 
maximum chip thickness. The spacing of the teeth or the diameter 
of the cutter has nothing to do with this, for the following reasons: 

Consider a planing machine with two mathematically identical 
tools of certain definite rake and clearance angles, depth of cut, 
feed, etc., situated in line, say, 12 in. apart, and taking precisely 
the same cut in the same material. The same resultant force will 


TABLE 1 CRITERIA FOR DETERMINATION OF ROUGHNESS OF 
MILLED SURFACES 
Deviation of 


cutter from 
true concen- 


Deviation of 
cutter from 
true concen- 


Diameter Feed per 


Y Diameter Feed per 
of cutter, revolution, 


of cutter, revolution, 


a me tricity, in. mak sae tricity, in. 
3 Ow 0.0008 6 0:2 0.0017 
3 0.2 0.0033 6 0.3 0.0037 
4 0.1 0.0006 9 0.2 0.0011 
4 0.2 0.0025 9 0.3 0.0025 
5 Od 0.0005 12 0.3 0.0019 
5 0.2 0.0020 12 0.4 0.0033 
5 0.3 0.0045 


be found acting on each of these two tools. If this distance of 
12 in. is gradually decreased, eventually the two tools will be so 
close that the free-cutting action of the second tool will suffer 
by its proximity to the first tool, and we naturally would expect a 
lack of equality in the resultant forces. To summarize: The two 
cutting edges will take the same cuts and exactly equal forces if 
they are so far apart as not to interfere with each other. The same 
reasoning should apply to a milling: cutter. 

The second reason is the result of the Michigan experiments. 
Various tests on the chip-per-tooth basis were compared and al- 
though the number of teeth in the cutters varied, all the points fell 
on one even curve, thus proving that the chip thickness is the sole 
criterion of the efficiency, assuming the shape of an individual 
tooth to be the same in all cases. 

The third reason is based on the experiments made by Mr. A. L. 
De Leeuw and described in a paper presented before the Society 
in 1911.! His experiments, when compared on a chip-per-tooth basis, 


1 Milling Cutters and Their Efficiency, Trans. A.S.M.E., vol. 33 (1911), 
p. 245, 
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actually show the same thing as the Michigan experiments. Mr. 
De Leeuw drew a false conclusion simply because he compared 
cutters on the same feed-per-revolution basis. That is, the coarse- 
tooth cutter appears more efficient merely because for a given 
feed per revolution it must necessarily take a thicker chip. 

The fourth reason follows from a study of the results given by 
the authors of the paper under discussion. If the data given in 
the Figs. 1 and 2 are plotted on a chip-per-tooth basis, the curves 
representing the performance of the four- and eight-tooth cutters 
cross, thus showing no consistency in efficiency of either. The 
writer contends that had the conditions been uniform they would 
not cross but would combine to form a single curve. It is true 
that the authors’ results with the 20-tooth cutter are distinctly 
higher than those obtained with the other two cutters. The only 
apparent explanation is that free cutting did not result; that is, 
the teeth were so close together that deformation of chip must 
have occurred. 

It might be here stated that tooth spacing is not the sole cri- 
terion of freedom from interference in cutting, of one tooth in 
regard to its neighbor. Tooth shape or clearance space is quite a 
factor. 

The 20-tooth cutter referred to is designed according to the 
formula recommended in the paper summarizing the Michigan 
experiments, already referred to. That formula was based on the 
experiments which had then been conducted, and it will be re- 
called that all the experiments were limited to a width of one-half 
inch. It would’take at least a hundred times as much experi- 
menting, under actual production conditions, to arrive at a formula 
which could be legitimately defended, and the one in question 
was suggested merely as a starting point. 

The authors’ loss of efficiency with a 20-tooth cutter is sur- 
prising. Had they taken small steps, from 8 to 20 teeth, a marked 
decrease of efficiency would have occurred at some definite stage, 
viz., were free cutting ceased. The energy lost in the machine 
might be responsible for the apparent deviation from consistency 
of the authors’ results, on a chip-per-tooth basis. 

To refer again to the elusiveness of milling-cutter action, in con- 
sidering the relative merits of coarse- and fine-tooth cutters the 
fact may be mentioned that Mr. De Leeuw’s paper and the paper 
by Messrs. Hall and Graves both submit evidence leading sub- 
stantially to the conclusion that coarse-tooth cutters are not best 
from an efficiency standpoint. And yet if Mr. De Leeuw’s results 
be analyzed by the methods of Messrs. Hall and Graves the con- 
verse conclusion would be arrived at. The writer’s own statement 
is that there is no difference, provided comparisons are made on a 
chip-per-tooth basis. 

Referring to Fig. 7, the authors state that the cutting speed is 
decreased to give a larger feed per tooth. Why should this be 
done? It is tantamount to admitting that the limitation of the 
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machine power is such that the most efficiently shaped chip cannot 
be selected. But even if the limitation of machine power is a 
serious factor (which it usually is in really obtaining the maximum 
cutter output), it is yet beneficial to reduce speed and so prolong 
the life of the cutter. 

The authors’ formula for minimum power is not minimum cutter 
power but power for the combined cutter and machine; that is, it 
is not the criterion of maximum grinding life. 


Cart J. Oxrorp. After a rather close study of this paper the 
writer’s chief criticism is that the authors have attempted to draw 
general conclusions from what is unquestionably a special case. 
Practically all of the experiments have been run with one size of 
milling cutter and with one type of cut. That only mild steel was 
used throughout is perhaps the most serious objection to applying 
generally the results recorded. 

Under conditions as they exist in many shops today there can 
be no hard-and-fast rule for numbers of teeth in milling cutters, 
because the milling machines used and with them the kinds of 
cuts encountered must in many instances dictate the most suc- 
cessful designs in this respect. Due to the lack of rigidity in many 
milling machines, and also to their lack of power, it is sometimes 
necessary to make cutters with a smaller number of teeth than that 
theoretically advisable. 

The writer is of the opinion that many milling machines not 
only vibrate entirely too much, due to lack of rigidity, but also 
that many set-ups possess a definite period of vibration. If on 
such set-ups cutters are used with a number of teeth which, when 
operated, will synchronize with this period of vibration, then 
chatter is produced to such an extent that. the efficiency of the 
whole operation is impaired. 

While mild steel is a material which lends itself well to experi- 
ments such as those conducted by the authors, nevertheless most 
of the present heavy production work consists of milling alloy 
steel. Mild steel can be successfully milled at a peripheral cutter 
speed in excess of 120 ft. per min. and a feed of 0.006 in. to 0.010 
in. per tooth, these figures representing average conditions. 

Such steels as heat-treated nickel steel, chrome-nickel, chrome- 
molybdenum, and silicon-manganese steels can seldom be milled 
at a peripheral speed higher than 50 ft. per min., although it is 
entirely practical to use the same chip thickness per tooth as for 
mild steel. If higher speeds are attempted in alloy steel, the result 
is invariably a rapid destruction of the cutting edge due to over- 
heating. In this case, then, the productivity of a given size of 
milling cutter is in direct proportion to the number of teeth in 
that cutter; thus, if in one revolution at a given peripheral speed 
we can remove, say, fourteen chips 0.010 in. thick, the table feed of 
the machine will be 0.140 in. per revolution of the cutter, while 
an 8-tooth cutter will give only 0.080 in. feed per revolution. 
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The limiting factors for numbers of teeth are then as follows: 
1 Rigidity of the machine and holding devices 
2 Depth or width of cut and the ability of the machine to 
deliver power to cutter 
3 Structural strength of the cutter. 

In designing cutters for general use the importance of these 
various factors must be weighed and a number of teeth selected 
which takes them into account, without sacrificing too much of 
the potential productivity of the cutters. 

The writer’s experience in highly developed quantity production 
has not discovered any condition under which a material change 
in numbers of teeth from those advocated by Professor Airey and 
himself would be theoretically advisable. The only reason for 
making cutters with fewer teeth is that many milling machines 
now in use do not possess the necessary rigidity to carry a heavier 
oad. When the depth or width of cut becomes very great, many 
of the older types of machines will not deliver enough power to 
the spindle to carry a heavy chip on every tooth. 

In actual practice we have, for this reason, been obliged to 
develop a coarser-tooth series of cutters, but the coarseness of 
teeth does not begin to approach that formerly used and which 
the authors of this paper advocate. For instance, we have in our 
regular series 18 teeth in a 3-in. cutter, while our coarse-tooth 
series will have 14 teeth. Coarse-tooth cutters as formerly made 
had 8 teeth for this same diameter. We have never found pro- 
duction conditions which would justify this extreme. 

In actual production, quality of finish is relatively unimportant, 
as any surfaces requiring good finish are almost invariably ground. 
The entire argument regarding finish is only applicable to slabbing 
cuts. More than 50 per cent of all production-milling cuts are of 
the type usually known as a side cut. On a cut of this nature 
there is practically no difference in quality of finish, the fine-tooth 
cutter being slightly favored. 


Cart G. Barru. Ina paper read before the Society some eleven 
years ago! Mr. A. L. De Leeuw demonstrated clearly the advantages 
of coarser pitches (i.e., fewer teeth) in milling cutters than those 
in general use at the time. 

However, some six years earlier the writer had already arrived 
at the same conclusion by merely reasoning from the knowledge 
he had of the great advantage of utilizing the power available 
behind a lathe or planer tool with a heavy cut at slower speed as 
against a lighter cut at a correspondingly higher speed, since 
there cannot be any essential difference between the cutting action 
of a simple tool and that of each tooth in a milling cutter. On the 
strength of this reasoning the Link-Belt Engineering Company 
(now the Link-Belt Company) purchased special milling cutters, 


1 Milling Cutters and Their Efficiency, Trans. A.S.M.E., vol. 33, p. 245. 
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designed by the writer, with fewer teeth than those in vogue at 
the time. With these cutters the writer made numerous experi- 
ments while pursuing his theoretical studies in comparing the 
action of each tooth in a cutter with that of a lathe cutting-off 
tool. 

On the strength of this work the writer soon constructed a slide 
rule which, without taking any account of power consumption, 
for several years enabled him to make some — at the time —aston- 
ishing improvements in milling and gear-cutting operations in a 
number of shops. Some two years ago he finally constructed 
milling slide rules, which in theoretical completeness are on a 
par with the slide rules described in his paper on Slide Rules for 
the Machine Shop as a Part of the Taylor System of Management. 

Referring to the matter of power, the writer would like to see 
most carefully conducted experiments made to determine, for 
various materials, and first of all for steel and cast iron, the value 
of the exponent » in the formula 


P 2 Constant < W) 15 tet. ee ee ae 


for the pressure on a lathe slicing or cutting-off tool taking a cut 
w wide with a feed f. For with this exponent, which unfortunately 
is probably a function of f itself, once determined beyond a doubt, 
mathematical considerations alone will put us as close to the 
actual power consumption of milling cutters as is at all practically 
desirable. 

The writer’s latest milling slide rule for steel was worked up on 
the strength of the values he assigned to the constant and the 
exponent in Formula [1], to cover the experiments made by 
Taylor and Lewis in the early eighties on plain slicing or cutting- 
off tools. This formula is P = 81,000 wf 7/%. 

The authors of the paper refer to their formula P = Aft*/s 
as having the same exponent for the maximum chip thickness 
as that given for the feed by Taylor in On the Art of Cutting 
Metals, as the result of his experiments on lathe tools. As the 
writer is personally responsible both for the experiments and the 
formulas given by Taylor, he wishes to emphasize the fact that 
those experiments were on round-nose roughing tools, the curved 
outlines of which must have an influence on the pressure required 
to remove chips that undoubtedly means a different exponent for 
the feed from that for cutting-off tools, with their counterpart in 
the teeth of a simple slab or groove milling cutter. 


Frep A. Parsons. The conclusions reached by the authors 
appear to be in practical agreement with the results of the tests 
which were the basis of the writer’s paper on Power Required for 
‘Cutting Metal,’ presented at the Annual Meeting of the Society 
in December, 1922. 


1 Trans. A.S.M.E., vol. 25, (1904), p. 49. 2? See p. 193 of this volume. 
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Upon the point of decreased power required as the cutter speed 
is reduced, thickness of chip and other factors being maintained 
constant, although such a tendency was noted in some of the 
writer’s tests, others of them seemed to leave this factor out en- 
tirely. Since these tests were conducted with the idea of obtaining 
a complete and simple method of predetermining total power, it 
was felt that all except pronounced factors should properly be 
excluded as they would complicate the formulas and slide rule 
without affording a corresponding gain. 

Separating the power into the components of cutter power and 
feed power, as the authors have done, is probably the only prac- 
tical way of obtaining some of the information desired by the 
authors; but it complicates matters considerably and, in the 
writer’s opinion, is unnecessary for the majority of such tests, 
since the total power apparently follows definite laws, regardless 
of the differences in the efficiency or method of application of the 
speed and feed trains, provided suitable precautions are taken. 

The writer would take some exception to the use of “‘feed per 
tooth” or ‘“‘maximum chip thickness” as the basis for any com- 
parison of cutting tools, since according to his experience such a 
comparison becomes inaccurate as soun as it involves different 
depths of cut or milling cutters of different diameters or of a 
different type. A comparison on the basis of the ‘‘average thick- 
ness of chip” (A.T.C.) is equally satisfactory for practically all 
purposes, and has the added advantage that it eliminates differences 
in depth of cut, diameter of cutter, and type of tool if correctly 
arrived at. As an instance, the 6-in. side milling cutters and 
the 3% in. spiral mills used by the authors may be expected to 
produce considerably different results owing to the difference in 
diameter, and this cannot be avoided except by employing a 
factor which considers the ratio of cutter diameter in relation to 
cut depth, which A.T.C. does. 

The most important contribution to the subject made by the 
authors appears to be the additional proof which they present of 
the superiority of coarse-tooth cutters for general purposes and 
with this the writer’s experience is entirely in accord. It should 
be noted, however, that this does not hold true for face mills, 
which may properly be constructed with proportionately more 
teeth than spiral mills, as different principles and limitations are 
involved. 


R. Pottaxorr. The authors deal exclusively with the design 
- of milling cutters and not of the milling machine, and, as they 
state, their object was to study the effect of certain elements of 
the cutter on power consumption, tendency to chatter, and stresses 
set up in the machine. Tests of this nature should yield. results 
of a high degree of accuracy, and to secure this a milling-machine 
dynamometer should be employed. 
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The writer has already had occasion to describe the milling- 
machine dynamometer as designed and developed by him, and 
adopted by The Cincinnati Milling Machine Company, of Cin- 
cinnati, Ohio.! 

With this dynamometer there is no necessity whatsoever of 
making a preliminary study of the motor driving the milling ma- 
chine or of its curve characteristics under different conditions of the 
tests. It gives directly the values of the three components of the 
cutting pressure due to milling —the horizontal one (a) acting 
along the arbor, the vertical one (b) acting on the table, and the 
horizontal one (c) acting at right angles to the arbor (feeding 
pressure), and thus furnishes a ready means of determining the 
stresses set up in the machine — one of the problems the authors 
had in view. Knowing the values of these three components, the full 
cutting pressure (in pounds) due to milling is P = V/(@ + 8? + &), 
and with P known, the power consumption due to cutting is de- 
termined very easily, provided the cutting speed V (ft. per min.) 
is known. 

Even the chatter can be measured directly on the dynamometer, 
corresponding as it does to the different positions of the hands of 
the dials. And by going a little further and connecting the gages 
of the dynamometer with recording devices, automatic records of 
the phenomena studied can be obtained. Such a recording device 
has been used by the writer in connection with certain dyna- 
mometric twist-drill experiments and measurements. 

It is the aim now to establish standards for the tools used in 
cutting metals and the Society has a special standardization 
committee on milling machines and milling cutters. It can be 
readily seen that the milling-machine dynamometer affords the 
readiest means for establishing such different standards as they 
are called for by the problems of milling. For instance, with its 
aid cutters can be standardized, a standardized cutter to be one 
that when taking a standard metal (which means a metal having a 
unit metal-cutting resistance) will register certain standard read- 
ings on the dynamometer. This means also that the size of the 
cutter and the shape and number of the teeth shall comply with 
certain standards. 

In determining the cutting qualities of a metal, its hardness 
is of the utmost importance and is usually measured either by the 
scleroscope or by the Brinell tester. However, as regards milling 
operations, hardness figures can also be established by testing the 
metal under standard conditions with the milling-machine dyna- 
mometer. In this way a table of milling hardness figures could 
be compiled and used as a guide for choosing speeds, feeds, etc. 

A few words as to the conclusions presented in the paper. The 
authors limit the effect of spiral angle by the end thrust. In many 
cases this can be overcome by making the cutter in two halves — 


1 Trans. A.S.M.E., vol. 43 (1921), p. 598. 


DISCUSSION 185 


one having a right-hand spiral and the other a left-hand. The 
10-deg. rake angle which the authors find desirable corresponds 
more or less to generally accepted practice. However, when con- 
sidering a cutter having no rake angle, one should not overlook 
the fact that under actual conditions even such a cutter will work 
as though it had a rake angle. This is because the actual profile 
of the surface produced by the cutter is not a part of a circle but 
a cycloidal curve resulting from the relative motion of the cutter 
and the work, and the tangent to this cycloid will form an angle 
less than 90 deg. with the front of the tooth, even if this is a 
part of the radius of the milling cutter. The rake so produced will 
increase the larger the ratio of feed to speed becomes, and will be 
different at different points of the cycloidal path of the cutter 
tooth. It is obvious also from the above that this rake will be 
different for a roughing cut with a coarse feed and slow speed from 
what it is for a finishing cut with a small feed and a higher speed. 

All this is mentioned to show that the effect of rake angles 
ought to be studied in connection with a number of other elements 
which may influence the same rake angle very differently. The 
authors do not state whether their study of the rake angle was 
conducted considering these other influences. 

The conclusion reached in regard to coarse-tooth vs. fine-tooth 
cutters again confirms established practice. The authors found 
that the margin in favor of the former is more pronounced on 
wide cuts. As chatter is also affected by the width of the work, 
sometimes one way, sometimes the other, it would appear that 
this margin of the coarse-tooth cutter may sometimes have to be 
sacrificed unless provision can be made to affect the chatter in the 
same direction. 


W. A. Knicur. Face milling with the usual practice of feeding 
the work against the rotation of cutter is the poorest and most 
inefficient of all methods of cutting metals. The cutting edge of a 
tool must ride the surface a certain amount every time it takes a 
cut and the cut is comparatively short. This riding is more de- 
structive to the cutting edge than if it were seated in the metal and 
doing normal work. 

A properly ground lathe or planer tool attacks metal in the most 
logical and efficient manner, and the closer the principles therein 
embodied are adhered to in the design and use of milling cutters 
the more efficient will be the milling. There are and always will 
be numerous cases, as in slot, form, or narrow surface milling or 
where finish is a determining factor, where the usual form of 
milling must be continued, but it should be avoided whenever 
possible. If spiral face milling for large, flat surface work is not 
obsolete, it should be. 

Another type of milling which is very inefficient is sidé milling: 
not that of the rotary-planer type with the comparatively large 
cutter head and inserted cutters, but that with the ordinary side 
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mill with face and sides at approximately right angles to each 
other. Here, again, there is too much drag of the cutting edges 
over the surface without doing any work. In our shop practice 
we were in the habit of milling the flat faces of a 2-in. cast brass 
hexagon nut with a high-speed 28-tooth side mill. A single-tooth 
fly cutter was substituted for this, with the result that we could 
mill three times as many per grind of tool and have the nuts “mike” 
closer to uniform size. No reduction was made in either speed 
or feed. In this case the single tooth did more and better work 
than the twenty-eight. This was simply going back to first prin- 
ciples and using a tool shaped to attack the metal in a logical way. 


Tue AutTuors. The authors are particularly interested in the 
discussions contributed by Professor Airey and ‘Mr. Oxford, as a 
part of this investigation was a direct result of their paper On the 
Art of Milling, in which they recommended that milling cutters 
should have as many teeth as possible, consistent with sufficient 
chip clearance. 

The authors agree with Professor Airey that the method of 
measuring power is of fundamental importance in work of this 
sort, but apparently there is a radical difference of opinion as to 
what constitutes a proper method. He states that the procedure 
used in the Brown & Sharpe tests was rejected at the University 
of Michigan, while it happens that the Michigan methods and 
apparatus were considered and discarded by the authors as both 
inadequate and probably unreliable. 

The authors also agree with Professor Airey’s statements con- 
cerning the difficulties and possible errors in the method he men- 
tions of making use of the electrical input, but they are at a loss 
to understand why the much more simple and accurate variation 
of this method, which was used in their tests, was not considered. 
As noted in the paper, observations of the motor input with the 
spindle running at the proper speed were made before and after 
each test cut and this amount was deducted from the wattmeter 
reading during the cut. In this way the greater proportion of the 
losses, including most of those which vary with different conditions 
of operation, were immediately eliminated. The relatively small 
increase in electrical and friction losses caused by the load were 
determined by a prony brake, and a large number of tests showed 
that these losses were always practically the same for any given 
output, irrespective of variation in the no-load wattmeter reading 
at different spindle speeds. Professor Airey objects that the losses 
in a prony-brake test are not the same as when cutting metal, and 
this is technically correct whenever border-line lubrication exists, 
Even under this condition, with good lubrication such as was 
maintained during these tests, the maximum error would always be 
less than three per cent, and this seemed and still seems to the 
authors hardly worth bothering about in this particular case. 

In the Michigan tests three forms of apparatus were used but 
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the only one on which any actual milling was done was the “torque 
and thrust measurer.’”’ The chief objections to dynamometers of 
this kind are lack of the rigidity so essential in machine tools, 
limitation of the tests to very small capacities, and the difficulties 
in continuously getting reliable readings. The authors built a 
dynamometer for use in their tests and the results, some of which 
are included in the paper, simply reinforced the conclusions derived 
from the other experiments. Their experience along this line, 
however, makes them feel that it is never safe to rely absolutely on 
the data given by such apparatus unless it is frequently calibrated 
or some supplementary figures such as the electrical input into the 
motor are taken to guarantee that the results are reliable. 

This feeling concerning the unreliability of dynamometers was 
reinforced by the apparent inconsistencies in the work of Professor 
Airey and Mr. Oxford. In all, fifty-five tests using the “torque and 
thrust measurer’’ were reported in their paper, and of these twenty- 
six were devoted to the effect of different rake angles and only 
twenty-three to the effect of varying tooth spacing. In the first 
set their figures show that much more power was required for 
cutting machine steel than alloy steel on corresponding cuts, while 
in the second the alloy steel required about ten per cent more than 
the machine steel. Neither of these comparative results seems 
altogether reasonable, but a much more serious discrepancy is 
found when the machine-steel tests in the rake-angle studies are 
compared with the corresponding tests in the tooth-spacing studies. 
Here their figures show that the latter required about fifty per cent 
more power than the former for similar metal on similar cuts with 
similar cutters, a variation several times greater than it seems 
reasonable to expect. Until such apparent inconsistencies are 
cleared up, the authors feel that the methods used in the Michigan 
tests cannot be fully accepted as reliable, nor their results used as 
definite proof of any theory of cutter action. 

Professor Airey gives four reasons for his conclusion that fine- 
tooth spacing is superior to coarse-tooth spacing. The first. of 
these is purely theoretical, being based on certain assumptions 
concerning cutter action, and the only way to determine that all 
factors are taken into account is to verify the theory by extensive 
experiment. 

The results of the Michigan experiments, given as the second 
reason, are not conclusive, due to the small number of milling 
tests devoted to this subject, and the inconsistencies in these tests 
noted in an earlier paragraph. The large number of special studies 
made with chip investigators and other apparatus were very 
interesting and valuable, but they can hardly take the place of 
experiments where actual milling is done. 

The third reason is based, according to the discussion, on ex- 
periments described in a paper by Mr. A. L. DeLeeuw, but, as 
this paper does not include sufficient data to make the comparisons 
mentioned, the authors presume that Professor Airey intended to 
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refer to the Cincinnati Milling Machine Company’s Treatise on 
Milling and Milling Machines, from which the cutter tests analyzed 
in his original paper were taken. Three cutters similar in every 
respect except for the number of teeth were used in these tests, 
and practically identical cuts at three different feeds were taken 
with each cutter. The results showed that the finest-tooth cutter 
required an average of 36 per cent more power than the coarsest 
cutter on corresponding cuts. Professor Airey, however, plotted 
the results, using “cubic inches per horsepower-minute” as ordi- 
nates and ‘“‘chip volumes” as abscissas, and found that the points 
for all cutters fell roughly on one curve. Hence he claims “the 
coarse-tooth cutter appears more efficient merely because it must 
necessarily: take a thicker chip,’’ hence ‘‘Mr. DeLeeuw’s paper 
submits evidence leading substantially to the conclusion that 
coarse-tooth cutters are not best from an efficiency standpoint, 
hence, as a result of this and the Michigan tests (quoting from the 
original paper), ““we have thus demonstrated a priori that fine 
spacing is superior to coarse spacing, regardless of whether the 
cutting speed or the power of the machine be the limiting factor.” 

The authors agree with Professor Airey that the greater power 
efficiency of coarse-tooth cutters is largely due to the fact that 
the chip per tooth is larger, but they find it impossible to follow 
his reasoning beyond this point. The trouble with his curve 
interpreting the Cincinnati tests is that different outputs in cubic 
inches per minute are not differentiated, and as a result the point 
for the maximum output of the coarse-tooth cutter is over two 
and a half times as far out on the curve as the point for the corre- 
sponding output of the fine-tooth cutter. The latter cut required 
16.5 hp. on a machine which was probably designed for and equipped 
with a 15-hp. motor, and, if the feed were increased sufficiently to 
give the same size of chips as the coarse-tooth cutter, about thirty- 
five horsepower would be needed. As this is over twice the capacity 
of the machine, it can be eliminated as impossible. 

In his original paper Professor Airey claimed that the power 
required is independent of the cutting speed provided the same 
size of chip per tooth is taken, so he recommended, in cases like 
the above where the capacity of the machine is reached, that the 
speed of the fine-tooth cutter be reduced until the proper size 
of chip — here that of the coarse-tooth cutter — is taken, and then 
the power efficiency of both cutters would be the same and the 
fine-tooth cutter would last longer because of the slower cutting 
speed. Unfortunately tests involving varying cutting speeds and 
varying outputs were combined indiscriminately in the Michigan 
milling tests, so only work done with a chip investigator could 
be offered as proof of the above claim. On the other hand, the 
authors studied this claim by tests in which the feed and hence 
the output was kept constant and the chip size varied by changing 
the cutting speed. Professor Airey criticises this procedure in 
his discussion, but its reason seems obvious. In every case these 
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tests showed that the coarser-tooth cutters were somewhat more 
efficient than the finer ones for the same chip per tooth, indicat- 
ing that the cutting speed did affect the result. The authors 
have thus shown by definite experimental study of this claim, which 
is not covered in Professor Airey’ s milling tests, that the slowing 
down of the fine-tooth cutter in the Cincinnati experiments to a 
surface speed of 24.3 ft. per min. to make the chip per tooth the 
same size as that taken by the coarse-tooth cutter would not have 
made the power efficiency of the cutters the same. Furthermore, 
the authors’ study shows that the power required by the milling- 
machine table at this low cutting speed would have been greatly 
increased and this constitutes another objection to abnormally 
slow-speed operation. 

Even if Professor Airey’s theory is assumed to be correct and 
the power efficiency of the fine-tooth cutter running at 24.3 ft. 
per min. to be the same as that of the coarse-tooth cutter at a 
normal cutting speed, it is impossible to put it into effect because 
of the limitations in the strength of the machine and the arbor. 
Assuming that 80 per cent of the 13.24 hp. required for the coarse- 
tooth cutter was actually delivered to the cutter and that the same 
amount of power would be required by the fine-tooth cutter running 
at the slower surface speed, the maximum shearing stress in the 
14-in. arbor would be over 56,000 lb. per sq. in. due to the torsion 
alone, and’ making no allowance for the increase in this stress 
due to bending. The thrust along the table, which would have to 
be taken care of by the lead screw, would be about 14,500 lb. The 
first of the above figures is far above the safe limit, while the 
second is probably greater than that for which the machine was 
designed. The corresponding figures for the coarse-tooth cutter 
would be 25,500 lb. per sq. in. and 6600 lb., respectively. It is 
therefore obvious that even if Professor Airey’s theory were cor- 
rect, it would be impossible to get as high efficiency from the fine- 
tooth cutter as from the coarse- without redesigning the milling 
machine and arbor to operate under much greater torques and 
pressures, and it is equally obvious that the Cincinnati tests 
become what they are supposed to be, a real argument for the 
superiority of coarse-tooth cutters. 

As a fourth reason for his conclusions regarding tooth spacing, 
Professor Airey states that he plotted on a chip-thickness basis the 
data from two series of tests where the authors were comparing out- 
put with power efficiency and found that the curves for the four- 
and the eight-tooth cutters crossed. This is shortly followed by 
the statement that the authors’ paper submits “evidence leading 
substantially to the conclusion that coarse-tooth cutters are not 
the best from an efficiency standpoint.” Now both of the cutters 
mentioned have several times the tooth space recommended by 
Professor Airey. The four-tooth cutter was consistently ‘slightly 
more efficient that the eight- in the authors’ studies of the relation 
of chip size to power efficiency. The average of the studies re- 
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plotted by Professor Airey likewise show the four-tooth cutter 
more efficient than the eight-. The power efficiency on every test 
in the group falls within five per cent of the figure necessary to 
give smooth and absolutely consistent curves. Finally, the cutter 
having the number of teeth recommended by Professor Airey 
required much more power than the two mentioned. In view of 
these facts the authors find it hard to understand the statement 
concerning the inconsistencies in their work which would lead 
one to the conclusion quoted at the beginning of this para- 
graph. 

Professor Airey explains the low efficiency of the cutter having 
the tooth spacing recommended in his original paper by stating 
that chip interference or lack of free cutting must have existed. 
The authors observed these tests very closely and are sure that 
this did not occur. Furthermore, the low power efficiency started 
with the finest chips, and it improved as the size of the chip per 
tooth increased, which is directly contrary to the probable result 
if chip interference existed. Finally, even these inefficient fine-tooth 
cutters required less power at corresponding chip thicknesses than 
any of those reported in the Michigan studies of tooth spacing when 
cutting machine steel. 

As a result of the above analysis of the four reasons presented 
in favor of fine-tooth cutters, the authors feel that the case remains 
to be proved, and they are certain that the sweeping general state- 
ments in favor of fine spacing made in the original paper by Pro- 
fessor Airey and Mr. Oxford are not justified by the data in hand. 

Before leaving Professor Airey’s discussion the authors desire 
to correct an error in his table for determining the roughness of 
milled surfaces. The title, “‘Deviation of Cutter from True Con- 
centricity,” should be changed to “‘Run-out”’ or the figures in the 
column divided by two. The former term would normally be taken 
as the deviation of the geometric center of the cutter from its center 
of rotation, while the latter is generally applied to the variation in 
the height of the teeth through one revolution of the cutter as shown 
on a dial indicator. The authors feel that the suggested term is 
the better one to use as it includes not only the variations due to 
the eccentricity of the cutter but also those due to the imperfect 
grinding of the teeth—whose height may differ by as much as 0.002 
in. in ordinary shop practice, particularly in cutters having large 
numbers of teeth. 

Mr. Oxford in his discussion presents an interesting and plausible 
argument in favor of fine-tooth cutters, but it depends for its 
validity on three assumptions: First, that for every material 
there is a maximum size of chip which can be taken by each tooth 
of a cutter consistent with reasonable life between grindings; 
second, that this figure can be determined with reasonable accuracy; 
and third, that a properly designed milling machine would be 
sufficiently powerful to take such a chip on every tooth of a fine- 
tooth cutter running at a reasonable cutting speed and would be 
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sufficiently strong and rigid to eliminate chattering and undue 
strains under such a load. 

The difficulties arising under the first and second assumptions 
are illustrated by the fact that feeds per tooth much heavier 
than those given by Mr. Oxford for production work in mild steel 
are frequently carried by coarse-tooth cutters on moderately 
wide work. On the other hand, the same feed per tooth requiring 
the same amount of power per inch of width frequently causes the 
cutter to become dull much more rapidly on narrow cuts.. The 
reason for this appears to be that the number of teeth in contact 
with the wider work due to the spiral angle of the cutter eliminates 
the shock on the teeth as they start to cut, and this impact on the 
narrow cut seems to have more effect on cutter life than the power 
used per inch of tooth front. This raises a question as to what 
extent the “energy transformed into heat at the cutting edge”’ of 
the cutter is the only ‘‘criterion of maximum grinding life,’ which 
the authors understand to be the theory back of the conclusions 
in On the Art of Milling. 

Turning to the strength of the machine, feeds per tooth easily 
carried by coarse-tooth cutters on moderately wide cuts cannot 
be carried by fine-tooth cutters unless much more powerful and 
heavier milling machines are built, as illustrated by the Cincinnati 
tests analyzed in a previous paragraph. However, whether the cuts 
be narrow or wide, tendency to chatter rather than the power of 
the machine is generally the limiting factor with fine-tooth cutters. 
Possibly each set-up has a natural period, but the authors’ experi- 
ence with fine-tooth cutters working near their capacity has been 
that the number of such periods is extremely large, as frequently 
chatter could not be eliminated by any reasonable change in 
cutting speed or small change in feed. The only solution was 
to greatly reduce the output with the fine-tooth cutter or substi- 
tute a coarse-tooth cutter. Of course, the rigidity necessary for 
the fine-tooth cutter might have been secured by transferring the 
work from, say, a 3-hp. to a 15-hp. machine, but this is hardly a 
feasible answer. 

Whenever it becomes necessary to put on more teeth in a cutter 
either to eliminate hammering or to reduce the wear due to chips 
of too large size taken at normal cutting speeds, the authors feel, 
as stated in the paper, that the change must be a matter of Judg- 
ment until the laws of cutting are more fully determined. The 
authors in no case advocate putting in as many teeth as possible, 
and they are interested to find Mr. Oxford developing a coarser 
series of cutters instead of following the recommendations of his 
original paper by running the very fine-tooth cutters at a slower 
cutting speed. Under these conditions the authors do not find 
their practice so far from his in the special case of narrow cuts on 
the tougher alloy steels where the limiting conditions mentioned 
above become particularly aggravated. The authors also feel 
sure that when Mr. Oxford comes to the problem of wider cuts, 
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he will soon develop a third series of cutters fully as coarse as 
those used by the authors on slabbing work. 

The authors are interested to note that the other discussions 
are in general accord with the conclusions of their paper, and 
therefore are omitting any detailed discussion of the points raised. 
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POWER REQUIRED FOR CUTTING 
METAL 


By Frep A. Parsons,! MILWAUKEE, WIs. 
Member of the Society 


This paper gives results of an investigation extending over a period of 
more than ten years, the purpose of which has been to determine the fun- 
damental laws governing milling, turning, planing and drilling operations 
on the various metals and alloys used in machine construction. In addi- 
tion to a very large number of tests made on milling machines constructed 
by the concern with which the author is connected, those reported by Fred- 
erick W. Taylor and Professors Bird and Fairfield in the Society’s Trans- 
actions have been subjected to analysis, the following variables being 
studied: 


The efficiency of the machine 

The rate of metal removal (cu. in: per min.) 
The average thickness of chip before distortion 
The front rake on the cutting blade 

The material being cut 

The spiral angle or shear on the cutting blade 
The condition of the cutting tool, sharp or dull. 
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The author’s results are presented in the shape of formulas and tables 
by means of which the power required to machine metal in any given 
case may be calculated, and an example of their use is worked out in 
detail. Such calculations, however, are tedious, and the author has ac- 
cordingly devised a slide rule for the purpose, a description of which 
forms an appendix to the paper. 


A | eee VARIABLES which may affect the relative power re- 
quired at the drive pulley of a machine tool are, according 

to present data, limited to the following, there being no evidence. 

that speed of cutting affects power economy to any marked degree 


1 Chief Engineer, Kempsmith Milling Machine Company. 


Contributed by the Machine Shop Division and presented at the Annual 
Meeting, New York, December 4 to 7, 1922, of Tum AmmrRICAN SocieTy OF 
MeEcHANICAL ENGINEERS. Abridged. 
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a The efficiency of the machine 

b The rate of metal removal (cu. in. per min.) 

c The average thickness of chip before distortion (A.T.C.) 
d The front rake on the cutting blade 


e The material being cut 
f The spiral angle or shear on the cutting blade (trifiing) 


g The condition of the cutting tool, sharp or dull. 


It also seems likely that lubrication or flooding of the cutter may 
affect the power economy, but at present data on this point are 


not available. 
2 In reality the seven variables mentioned in Par. 1 involve 
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a variety of other factors, whose effect on the power required, 
however, is measured by their influence in fixing the value of the 
variables. These factors will be discussed in their proper place, 
as modifiers of the variables. 

3 The data available were those of a very large number of 
tests made at the plant of the Kempsmith Manufacturing Com- 
pany on various milling machines of their manufacture, and of 
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other tests on power consumed, notably those of Taylor as given 
in his On the Art of Cutting Metals, and those of Professors Bird 
and Fairfield at the Worcester Polytechnic Institute (Trans. Am. 
Soc. M. E., Vol. 26), these being chosen because the results were 
listed as “pressure on tool” or as “torque,” from which the power 
to the tool itself could be computed and thus a distinction be made 
between the power required for cutting and that required for run- 
ning the machine. 

4 ‘To establish an exact curve of motor efficiency for the motor 
in use a brake test was run (see Fig. 1). Great care was used and 
the results gave a reasonably smooth curve when plotted. This 
will be referred to again, however, as it was later found that the 
curve, though probably accurate, could not be used. 

5 Referring to Fig. 1, it will be noted that the points through 
which the efficiency curve is plotted show decided jumps around 
70 per cent efficiency at 7 kw. input. This led to the belief that it 
might be just as accurate to take the tests involving small power 
inputs without adding dead load, which is usually done in order 
to bring the loading to a point where the efficiency curve is not 
rising rapidly. This was done in the following manner: 

6 In Fig. 1 the line “Hp. Output” is a straight line, making 
it possible to reduce the kw. input directly to hp. output by means 
of a simple formula, neglecting entirely the value of the motor 
efficiency except at one point, preferably a point of high input. 
Such a formula may provide for a shifting zero point, as follows: 


{‘H + (K —2z)} X (k — z) = Hp. output 
where 4H = horsepower output at high point 
K = kilowatts output at high point 
z = measured zero load, kw. 
k = kw. reading at any point 


7 Now if a small amount, say, 0.5 hp., is assumed as required 
to run the lineshaft, and a high point, say, 24.5 hp., is chosen 
on the motor hp.-output line (see Fig. 1), reducing the motor out- 
put 0.5 hp. at that point will give a new point at 24 hp. which may 
be used as the upper end of a line representing hp. output from 
the lineshaft to the machine pulley. 

8 The lower or zero point being determined by a reading taken 
before each test of the motor, lineshaft, and machine pulley idle, 
the formula of Par. 6 may then be changed to give hp. output to 
machine as follows: 


24 hp. recat Hp. delivered to 
\21 kw. — 2z, My a8 machine pulley 


9 While absolute accuracy cannot be expected of practical 
tests involving tachometers and electrical apparatus, results appear 
to show that this is the most convenient method of determining 
the horsepower delivered to the machine pulley corresponding to 
a given kilowatt input to the motor, where the load is small, and 
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it has been used throughout in these tests. For small net loads 
the fixed efficiency curve leads to absurd results whenever the 
zero point varies from the point employed in establishing the 
curve. 


Errect oF MAcHINE EFFICIENCY 


10 The efficiency of a machine is a variable quantity at differ- 
ent loadings. The power required to run the machine idle and the 
maximum efficiency of the mechanism at full load may be con- 
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sidered as determinants. If a milling machine, for instance, is 
set up for a certain cut requiring, say, 1 hp. delivered to the pulley, 
and the width of the cut should then be increased fifteen times, 
the horsepower required at the drive pulley will not be increased 
in the same proportion. This is due to the increased efficiency 
of the machine at the new and larger load. 

11 For consistent results, variations due to machine efficiency 
must be eliminated. Fig. 2 shows the efficiency at various loadings 
for two machines, of 90 per cent and 70 per cent maximum effi- 
ciency respectively. This chart was plotted as follows: 
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a The zero point in the efficiency curve was taken as 0.6 hp. 
from the average results of a number of tests of the power 
required to run the No. 4 Kempsmith Maximiller with 
all gearing running but idle 

b The high points in the hp.-output lines were determined 
by a series of tests, which showed that in a milling ma- 
chine of good design with anti-friction bearings a maxi- 
mum efficiency of at least 90 per cent may be expected, 
while in a machine with plain bearings throughout it 
may be as low as 70 per cent 

c Taking these efficiencies as the extremes for milling ma- 
chines of the two types gave the two lines for hp. output. 
Readings of these lines at intermediate points gave the 
values for plotting the efficiency curves. 

12 Referring to the first case mentioned in Par. 10, the 1 hp. 
delivered to the pulley would represent, according to Fig. 2, about 
3 hp. output from the machine, that is, to the cutter, on the 90 
per cent machine. It is this value which must be increased fifteen 


TABLE 1 CONSTANTS FOR USE IN FORMULA OF PAR. 15 


Measured 21.6 hp. Measured 21.6 hp. 
kilowatts at 2] kw. — measured zero kilowattsat 3] kw. — measured zero 

zero load zero load 
2 1.15 3.8 1.26 
2.4 1.16 4.0 1.27 
2.6 1 WS Fg 4.2 1.28 
2.8 1.18 4.4 1.30 
3.0 1,20 4.6 $31 
3.2 i221 4.8 1,33 
3.4 1.23 5.0 1.35 
3.6 1.24 Ar es he 


times or to 5 hp. Again, reading from Fig. 2, this would require 
an input of 6 hp., or six instead of fifteen times the power for the 
first cut. 

13 In these tests corrections for horsepower and machine 
efficiency were applied by reducing all horsepower values to a 
value of ‘“‘hp. delivered to the cutter” or tool hp. This can then 
be used to obtain a value of ‘‘cu. in. of metal removed per hp. 
delivered to cutter,’ from which curves may be plotted for varying 
conditions. 

14 There are two ways of obtaining the value of hp. delivered 
to cutter, as follows: 


a (1) Compute the hp. delivered to the machine, as in Pars. 
6 to 8; (2) Reduce this according to a chart similar to 
Fig. 2 in which the lines are determined to suit the ma- 
chine on which the tests were run 

b Establish a line of hp. delivered from the milling machine 
on the chart (Fig.1) for motor output, so that the hp. 
output from the milling machine can be read direct from 
the kw. input to the motor, and construct new formula 
similar to those in Pars. 7 and 8. 
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15 The latter method was the one which was followed. Table 
1 gives a list of constants corresponding to the value of the frac- 
tional expression in the formula: 


21.6 hp. Gethin Hp. output from 
21 kw. — 2 machine to cutter 


This formula corresponds to the line “Hp. to Cutter” in Fig. 1, 
except that it provides for a shifting of the zero point. Other 
combinations of machine and motor would of course require other 
constants. 

16 It is recognized that this method might not be so well 
adapted for machines in which various spindle speeds are obtained 
by widely different gear trains, but in the Kempsmith Maximillers 


TABLE 2 MILLING TESTS OF VARIOUS MATERIALS ON KEMPSMITH 
NO. 4 MAXIMILLER 
Cutter: diam., 47 in.; no. of teeth, 14; deg. spiral, 25; deg. rake, 10; speed, 48 r.p.m. 


Cut: depth, 0.250 in.; width, 53 in.; feed per min., 6.27 in.; feed per rev., 0.13 in.; 
feed per tooth, 0.0093 in.; A.T.C., 0.0021 in.; cu. in. metal removed per min, 9. 


Test Hp.to Cu.in. Ratio 


Material Sheet cutter perhp. cu. in. 

No. to cutter per hp. 

Cast iron (soft machine casting) through scale 4005-1 5.71 1.58 O07 
Dor morscnle a: Cees temas: tila a oa so Pasta oc ae 4005-4 6.06 1.48 1.00 
Cast iron (semi-steel 20 %) through scale.... 4005-7 4.70 1.92 1.30 
DGL MNO BERG. 2 Bot cy clits mo « steers ears AAGci seats 4005-9 5.07 Ds 1,20 
Steel casting, clean — no scale.............. 4005-11 8.90 1.01 0.68 
Steel bar (soft machine steel)............... 4005-12 10.30 0.88 0.60 
Brass casting (yellow brass)................ 4005-14 4.00 2.26 1.53 
Aluminum casting (commercial alloy)....... 4005-16 1.80 5.00 3.40 


the gear contacts are limited to three only for all speeds, and the 
efficiency for the same loading may therefore be expected to be 
fairly constant, whatever speed is used. 


Errect oF Rare or Mrerat REMovAL 


17 The horsepower varies directly as the cubic inches of metal 
removed per minute, if all other factors remain constant. This 
obvious fact has been much obscured by the variations due to 
other factors, especially variation in machine efficiency at various 
loadings and variation in proportionate chip pressure for different 
chip thicknesses. 


Errect or VARYING THE AVERAGE THICKNESS OF CHIP 
(A.T.C.) 


18 An earlier investigation showed that the power required 
for milling was closely related to the feed per tooth per revolution 
and to the depth of cut, the items being considered separately. 
Later these items were combined into an expression ‘Average 

N o Fic. 3:— The full lines show range covered by tests. The lines and 
forinulas oe for milling cutters with about 10 deg. rake and half dulled by use; for 


lathe tools with about 15 deg. rake and half dull; and for drills of standard rake and 
half dull. Allow for any other rake angles and condition of tool when using chart. 
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Thickness of Chip” which influenced spiral and face mills alike 
(and also, lathe tools, drills, etc.), gave uniform results over an 
extreme range of tests, and made proper allowance for the cutter 
diameter. ; 

19 The A.T.C. affects the power required for removal of 
metal directly according to a root of its value, the index of the root 
varying with different materials. Fig. 3 gives the results of a 
large number of tests and shows the relation for a variety of ma- 
terials. 

20 The tests charted include a considerable number for which 
the data were taken from the lathe tests run by Frederick W. 
Taylor and published in his book On the Art of Cutting Metals, 
as well as some drill tests run at the Worcester Polytechnic Insti- 
tute. The fact that these tests fall into line with the milling- 


Fic. 4 THICKNESS OF CHIP FOR SPIRAL OR SLABBING TOOLS 


machine tests! in such a completely satisfactory manner is addi- 
tional and complete proof of the correctness of the general laws as. 
formulated in Fig. 38. The logs of these tests are on file at the 
Society’s headquarters. 

21 Several of the materials indicated in Fig. 3 have been 
tested for only a single point (see Table 2), and it is therefore not 
certain that the laws given for these should be considered as fully 
determined. Since the lines for two materials, cast iron (machine 
castings) and soft steel, both come to a common point at about 
0.0001 A.T.C., it is believed that this may safely be assumed 
for all other materials also. A single test then locates another, the 
two fixing the direction of the line for the material tested, and 


1 The complete paper contained four charts showing the relation of 
A. T.C. to power required for (1) milling and lathe tests on soft cast iron, 
(2) lathe tests on hard cast iron, (3) milling and lathe tests on soft steel 
and (4) drilling tests on soft cast iron. These charts are on file at the 
Society’s headquarters. 
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thus determining the formula. The lines for aluminum and brass 
were thus determined. Those for steel and for machine cast iron 
were determined for nearly the full extent of the chart, and those 
for the other metals over a limited range, but one sufficient to 
show that they apparently follow out the theory of a common 
origin for the lines of all materials. 

22 The A.T.C. for the various types of cutting tools must be 
determined in various ways according to the types, which, for 
this purpose at least, fall into five classes as follows: 


a Spiral or slabbing mills (see Pars. 23-25) 

b Formed milling cutters, as gear cutters, etc. (see Pars. 26-27) 

c Face mills (1) with square corners on blades or (2) with 
corners rounded or chamfered (see Pars. 28-37) 

d Lathe and planer tools (see Pars. 38-39) 

e Drills, counterbores, etc. (see Pars. 40-41) 


23 In general, for all milling cutters except formed cutters and 
face mills it can be shown that the A.T.C. depends upon the feed 
per tooth per revolution, the cutter diameter, and the depth of 
cut, the relation being expressed with sufficient accuracy for all 
practical purposes by a formula derived as follows: 


Let D = cutter diameter 
R = cutter radius 
d = depth of cut 
f = feed per tooth per revolution of cutter 
= feed per rev. + number of teeth in cutter 
A.T.C. = average thickness of chip 
¢ = maximum thickness of chip 


d d 
Then, referring to Fig. 4, t= an (1 — ) 


t /d d 
whence A,T.C. = a= fy (1 - 5) 

24 The preceding formula is based on the following analysis: 
In Fig. 4, in the triangle with hypotenuse RF the height is k —d 
and the base is V2Rd—d?. As the triangle with hypotenuse f 
is similar to the triangle with hypotenuse Ff, 


f:t=R:V2Rd—-@ 
whence tk = fV 2Rd — a? 
but = 3D ay ER aro 
ey eae), Vee (ei 
t= DY Da - Op = af D? Daw 2f D D2 


202 POWER REQUIRED FOR CUTTING METAL 


Since the chip is a regular geometrical figure of maximum height 
t and ends of zero, its average height (average thickness) is $t, or 


ano.=n/4i-4) ah tgs pecmteee Lal 


25 Formula [1] may be still further simplified by tabulating 
values of the expression under the radical for various values of the 
ratio d/D, as in Table 3, thus reducing to A.T.C. = f X constant. 


TABLE 3 CONSTANTS FOR VARIOUS VALUES OF THE RATIO d/D IN 
FORMULA [1]. (SEE PAR. 24) 


0.001 0.0314 0.040 0.196 
0.002 0.0445 0.050 0.218 
0.003 0.0556 0.060 0.238 
0.004 0.0630 0.070 0.256 
0.005 0.0705 0.080 0.271 
0.006 0.0770 0.090 0.286 
0.007 0.0832 0.100 0.300 
0.008 0.0890 0.200 0.400 
0.009 0.0945 0.300 0.459 
0.010 0.0995 0.400 0.490 
0.020 0.140 0.500 0.500 
0.030 Oe WO SS ee | re US So) 


26 For formed milling cutters the formula is (see Fig. 5): 


A.T.C. for form cutters: = Wie e 5) x ___Width of cut___ 
D D length around outline 


This will be apparent if it is remembered that it is the average 
thickness of the chip which is required, and obviously if all the 


Cutter 


Fic. 5 Repuction 1n A.T.C. ror Form CurTrrrs 
(W = width of form; d = depth of cut; abcd = length of outline.) 


other factors remain the same an increase in the width of the chip 
as determined by the length of the outline will be accompanied 
by a corresponding decrease in the average thickness. 

27 A reasonable approximation may be had by using a con- 
stant representing the approximate value of W + (length of out- 
line) for various values of d/W, as in Table 4. In practice the 
A.T.C. for form cutters should first be obtained as if for a spiral 
mill cut, and then reduced as per formula in Par. 26 or by multi- 
plying by the proper constant from: Table 4. 
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28 For face mills, if the corners of the blades are square when 
cutting in the usual way, that is, with the work feeding centrally 
against the edge of the circle generated by the revolving blades 
(see Fig. 6), it can be shown that the A.T.C. varies according to 


TABLE 4 CONSTANTS FOR A.T.C FOR FORM CUTTERS 


(Multiply A.T.C. obtained as for a spiral mill by the value corresponding to 
the ratio of d/W to obtain true A.T.C. See Par. 27) 


Value of ratio d/W (See Fig. 5) 0.5 1 2 Sut vit 
Value of W + approx. length of outline (See 
Fig. 5) Ov67 10345) 50024 0.76 5. 0.12 


the ratio of the width of cut to the cutter diameter (W/D) and 
according to f, the feed per tooth per revolution. The A.T.C. for 
this type of mill is a definite ratio of W/D. (See Table 5.) 

29 The constants in Table 5 are determined as follows: A face 


TABLE 5 CONSTANTS FOR DETERMINING A.T.C.—FOR USE 
ONLY FOR FACE MILLS HAVING BLADES WITH SQUARE 
CORNERS. (SEE PAR. 28) 


Ratio W/D A.T.C. Ratio W/D ACC: 


(See Fig. 6) (See Fig. 6) 
O41 0.999f 0.6 0.900f 
0.2 0.990f Or7 0.853f 
0.3 0.976f 0.8 0.800f 
0.4 0.959f 0.9 0.716f 
0.5 0.932f 1.0 0.500f 


mill cutting a width W’ (see Fig. 6) equal to the diameter D would 
have an A.T.C. equal to half the feed per tooth per revolution; for 
if the chip mop is a regular geometrical outline whose greatest thick- 
ness op is the feed per tooth per revolution (f), and which tapers 


+ Corresponds 


A oY i) ane 
! t Hig Kev” 
ie j jo“ 
wee | a ne 
{Corresponds 
; tod Fig. 


Fic. 6 D1aGrRaAM REPRESENTING A Face-MILuL Cur 


= feed tooth per rev.; D = diam. of face mill; W, W’ = various widths of cut; 
“ att t= BpBtOe: end thickness of chip for cut of width W.) 


regularly to zero at the ends, the average thickness of such a chip 
will be (f+ 0)/2 = f/2. As the width of cut becomes smaller in 
proportion to diameter D (width W, for instance), the A.T.C. ap- 
proaches the value of f, until for a zero width of cut the ends of 
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the chip have the same thickness as the center and the A.T.C. then 
would be (f+ f)/2 =f. 

30 To determine the exact A.T.C. for intermediate widths of 
cuts wé may use the formula as determined for spiral mills, (Par. 
24) and find the value of ¢ (Figs. 4 and 6.) Since ¢ for a face mill 
is the thickness of the end of the chip, the A.T.C. for any value of 
W/D will be (f + t)/2. 

31 The formula for ¢ as determined for spiral mills (Par. 23) 
holds for t in Fig. 6 if d be considered as the distance from the edge 
of the cutter circle to the work. 

32 For a face mill with any width of cut W, the value of d 
in the above formula for ¢ may be expressed in terms of D and 
W by 


Then for face mills: 


t= af BP . ae 


D 


33 It may be shown that the value of the term 0.5(D — W), 
and therefore the value of the preceding formula and also of the 


| Work 


MM 
, aa | 


d= nN of Cut 


Blade or 3 
Tooth ~ 


Fia. 7 Face MILut with SquARE CORNERS ON BLADES 


formula A.T.C. = (f+ t)/2, will be constant for any given ratio of 
W/D if expressed in terms of f. (See list of such values in Table 5.) 
The simplified formula for obtaining A.T.C. for face mills having 
square corners is therefore as follows, the constant being obtained 
from Table 5: A.T.C. = constant x f. 

34 For face mills with a corner radius on the Hiegte the A.T.C. 
as determined above for square-cornered mills must be decreased 
according to constants depending upon the ratio of the depth of 
cut d to the corner radius on blades r. (See constants in Table 6.) 

35 The method of arriving at these constants is as follows: 
If the corners of the blades are perfectly square (Fig. 7), then the 
width of chip ek equals the depth of the cut d, and the A.T.C. at 
all cross-sections of the cut will be the same. If the corners are 
rounded (Fig. 8), as is almost invariably the case in practice, the 
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A.T.C. will vary from a maximum for sections of cut not coming 
on the radius of the cutter blade, as at A, to zero at B. The real 
A.T.C, for all the sections therefore depends upon the ratio of the 


TABLE 6 CONSTANTS FOR USE IN DETERMINING A.T.C. FOR 
FACE MILLS WITH ROUNDED CORNERS. (SEE PAR. 34) 


(Multiply A.T.C. for equivalent cut with face mill having square corners by 
constant corresponding to value of depth of cut divided by corner radius on 


: blades.) aor 
; : onstan 
Ratio 5, iat sorb a Average Area of Chip a AT.CS Xd 
(See Fig. 8) (See Fig. 8) CS ee ae 

0.1 0.445r ACT C.2 X.Omlr 0.225 

0.2 0.645r A.T.G.* X 0.2r 0.31 

0.4 0.925r A.T.C.* X 0.4r 0.43 

0.6 1.16r etc. 0.52 

0.8 1.37r 0.58 

A lea) 1.57r 0.64 

2 2.57r 0.78 

3 3.57r 0.84 

4 4.57r 0.87 

5 5.57r 0.90 


depth of cut d to the corner radius r, or d/r. This real A.T.C. for 
round-cornered cutters may be called A.T.C.? and for sharp- 
cornered ones A.T.C.S 

36 Now if the average area of chip is computed by multiplying 
the average thickness (A.T.C.S) as obtained for face mills with 


Fic. 8 Dragram oF RounDED CORNER OF Facre-Mitit BLADE 
or ToorTH 


(d, d’ = various depths of cut; r = corner radius or equivalent bevel; A B, A’B 
= lengths of chip.) 


square blade corners by the depth of cut d, this value will not be 
changed by the addition of the corner radius since it is obvious 
that if a certain area of work is removed by taking a definite num- 
ber of chips, determined by speed, feed, number of teeth in cutter, 
etc., each chip will have a definite area regardless of its form, and 


Average area = A.T.C.S xd 


The addition of a corner radius, however, will change the length 
from gh in Fig. 6 to AB in Fig. 8, and the real average thickness or 
A.T.C.® will therefore change accordingly, or: 
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a If the tool has a sharp corner and acts square with the 
direction of feed, then the A.T.C. = feed per revolution 
or per stroke 

b If the tool is rounded, or stands at an angle, the A.T.C. as 
determined for the square-cornered tool must be mul- 
tiplied by the depth of cut and divided by length of the 
chip, on the same principle as used in determining the 
true A.T.C. for face mills having rounded corners. 

39 There are no accepted standards for tool forms in general 
use and therefore no table of constants can be given here, though 
these could be worked out for any standardized set of forms. 
For the lathe tests of Frederick W. Taylor which are incorporated 
in Fig. 3, the A.T.C. was modified as above according to the out- 
lines of his standard tools as given in On the Art of Cutting Metals. 


.A.T.C. For DRILLs, COUNTERBORES, ETC. 


40 For counterbores, where the cutting edge is square with 
the feed, the A.T.C. = feed per revolution + number of teeth. 

41 For drills the angle a which the cutting edge makes with 
the surface of the work must be considered, and the A.T.C. as 
determined above should be multiplied by the cos a. For a 
drill ground to the standard angle of 59 deg., a = 31 deg. and 
cos a = 0.857. 


EFFecT OF THE Front Rake or Currinc BLADE ON 
PowER CONSUMED 


42 Tests are available only for milling cutters, and only up to 
12 deg. of rake (see Table 7). The results of these tests seem to 
show that for milling cutters the power required varies directly 
as the ratio of the coversed sine of the rake angle, or the cubic 
inches of metal removed per tool hp. varies inversely in the same 
way. 

43 For milling cutters and lathe tools the front rake may vary 
considerably, and allowance according to the above should be 
made when computing metal removed or hp. required from the 
chart of Fig. 3, which is based upon milling cutters of about 10 deg. 
front rake and lathe tools of about 15 deg. 

44 For drills the rake as determined by the helix angle is not 
subject to much variation in practice. Fig. 3 being based on drills 
having the rake angle of the standard twist drill (which is about 
equivalent to a 15-deg. average cutting rake), no allowance need 
be made when using it unless the drill to be used is something 
other than a standard. 


Power REQUIRED FoR Various MATERIALS 


45 Each material requires a different formula for determining 
the metal removed per hp-min. or the hp. required for any given 
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cut. See Fig. 3. It is’apparently not possible to give any fixed 
ratio for the power required for different materials as this varies 
according to the A.T.C., the differences due to varying materials 
becoming small and negligible when the A.T.C. is reduced to a 
value of about 0.0001, as previously explained. The tests in 
Table 2 show the ratios of metal removed when the value of A.T.C. 
= 0.0021; ratios for other values of A.T.C. can be determined 
from Fig. 3. 

46 Since allowance for various materials has already been 
made in the chart, it is not necessary to consider this item when 
computing the hp. required or metal removed per hp. for any given 
cut, beyond choosing the proper formula or reading from the 
proper line. 


EFrecT oF SprraL oR Hetrx ANGLE (SHEAR) ON THE 
Curtine BLADE 


47 It is important to distinguish between the action of a spiral 
angle or shear, as on a spiral milling cutter (which does not make 
the chip thinner), and the effect of setting a lathe tool on an angle. 
The latter thins down the chip by increasing its length while its 
area remains constant according to the feed in use. In the same 
way the chip thickness is decreased for a form cutter and for a 
face mill with round biade corners, as previously discussed, or by 
the angle on the point of a twist drill. The effect of adding a 
spiral angle to a milling cutter, as far as power efficiency is con- 
cerned, seems to be confined to reducing the bumping action of the 
cut and thereby somewhat reducing the maximum power required. 
From the standpoint of power required this effect is not important. 

48 A test run first with several narrow cutters set up with all 
the teeth on a line, and again run with the teeth staggered (to give 
the effect of a spiral cut), showed the power reduced in the ratio 
of 1.42 to 1.27. 

49 The spiral angle is of considerable importance, however, 
since 4 large spiral angle will enable fewer teeth to be used in the 
spiral or slabbing cutter. The only reason for using many cutting 
teeth in such a cutter is in most cases to reduce the bumping action 
to a point where the work, jigs, and machine will stand it, and this 
can be done effectively with fewer cutting teeth if the spiral angle 
is large. For the same reason a cutter with considerable spiral 
angle may take a heavier feed than one with small or no angle, 
though this is often prevented by interference of chips. The in- 
crease in the feed rate is, of course, equally as effective as a de- 
crease in the number of teeth in increasing the cutting efficiency. 


Errect or SHARP AND DULL CuTrrEers 


50 The condition of the cutter has a pronounced effect on the 
amount of power required for removing metal. Tests showing 
the variations for sharp and dull milling cutters cannot be expected 
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to show uniform results as there is no standard for dullness. How- 
ever, a number of tests (see Table 8) show that the power may be 
expected to increase as much as 40 per cent or more before the 
appearance of the cut warns the operator that it is time to re- 
sharpen in the case of milling cutters. 

51 As the economical time between grinds varies with differ- 
ent jobs, it seems best to consider the entire interval from sharp 
to dull as ten equal units, irrespective of the time involved. The 
tests — 1217-7, etc., Table 8 — show that the cutter dulls in a 
fairly regular manner, and on this basis the power required could 
be considered as increasing regularly to a maximum of about 
40 per cent above that required with a newly sharpened cutter, 
at which point the operator would notice that it needed resharpen- 
ing from the fact that it was no longer cutting properly. 

52 In computing power required or metal removed per tool 
hp. from Fig. 3, we would, according to the above method, take 
the results from the chart as being for a half-dulled cutter, i.e., 
one which had been used for five of the allotted ten units men- 
tioned. The computed power required for any given conditions 
would then be increased if the cutter had been run more, or de- 
creased if the cutter had run less, than the time or distance re- 
quired to half dull it; while if computing metal removed per tool 
hp. this procedure would of course be reversed, the amount of 
increase or decrease naturally depending upon the number of 
units less or more than half dulled up to approximately 20 per 
cent over and under for the maximum of 5 units. 

53 Par. 52 refers only to milling cutters. For drills no data 
are available, but when allowance is made as above in results of 
available tests they fall almost exactly on the line corresponding 
to the half-dulled cutter. Lathe tools, to be run economically, as 
shown by Taylor in his On the Art of Cutting Metals should be run 
at speeds which dull them very rapidly as compared with the eco- 
nomical speeds for milling cutters. It is therefore probably safest 
to consider all lathe tools as dull tools, because the time interval 
between a sharp and a dull tool is, or should be, comparatively very 
short. Exceptions to this are formed tools and other tools in auto- 
matic machinery, etc., where the cost of resetting makes it neces- 
sary, as for a milling cutter, to increase greatly the time interval. 

54 This completes the consideration of the variables noted 
in Par. 1 as affecting the power required for cutting metal. From 
the foregoing may be figured the power required by the cutter for 
almost any combination of tool and cut. Belt hp. can be com- 
puted if the idle hp. and efficiency under a given load are known, 
though it can be approximated from the last item if the cut rep- 
resents a fairly large percentage of the machine’s capacity. 


ExampP_Le. Find the power required for a gang of 5 gear cutters of 6 
pitch, No. 4, 374 diam., 13 teeth, when cutting in cast iron (semi-steel, 
20 per cent steel) {with a feed of 74 in. per min. and at a speed of 56.5 ft. 
= 63 r.p.m. 4 . ey 
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a Find A.T.C. for equivalent speed, feed and depth for spiral mill (see 
Par. 23) as follows: 


LA.T.C. “V5 = 5) 


2 f = feed per tooth per revolution = feed per rev. divided by no. of 
teeth in cutter = 0.115 + 13 = 0.0088 in. 
3 For a 6-pitch gear cutter, depth d =0.359 in., whence d/D 
= 0.359/3y% = 0.104 in. % 
d d 


4 From Table 3, for d/D = 0.100, vee - 5)- 0.300, whence 


5 A.T.C. for equivalent spiral mill = 0.0088 x 0.300 = 0.0026 in. 


b The value thus obtained must be reduced to obtain true A.T.C. for 
the form cutter (see Par. 27): 


1 True A.T.C. for form cutters = A.T.C. for equivalent spiral-mill 
cut X constant representing ratio of d to W 

2 Width of cut W for a 6-pitch cutter is (measured) about 7/16 in. 
and the standard depth is 0.359 in., whence 


d/W = 0.359/0.437 = 0.82 (approx.) 


3 From Table 6, for d/W = 0.82, constant = 0.50 approx., whence 
4 True A.T.C. = A.T.C. X constant = 0.0026 x 0.50 = 0.0013 in. 


c Read from Fig. 3, at the point of intersection of the line of A.T.C. 
= 0.0013 with the line for cast iron (semi-steel), the cu. in. per tool hp. 
= 1.25 cu. in. approx. for a cutter with a rake of 10 deg. and the cutter 
half dulled. 

d Make allowance for a rake of 0 deg., as per Table 7 and Par. 42: 


1.25 X (1/1.21) = 1.03 cu. in. per tool hp-min. 


e The amount of metal removed per minute by the above cut will be 
3.4 cu. in. for the 5 cutters (= feed per min. X area of cut), assuming that 
the area for a single cutter is one-half the depth times the circular pitch. 

f Since we expect 1.03 cu. in. per hp-min., 3.4 cu. in. per min. will re- 
quire 3.4/1.03 = 3.3 hp. 

g The value thus obtained is for cutters half dulled. For sharp or dull 
cutters this would be decreased or increased 20 per cent, respectively (see 
Par. 52); 


3.3 (1 — 0.20) = 2.65 hp. for newly sharpened cutters 
3.3 (1 + 0.20) = 4.12 hp. for dull cutters 


h To determine the belt hp. from the tool hp., the constants for idle 
hp. and for efficiency under cut must be known for the machine on which 
the cut is to be run; this is merely the reverse of the process of finding the 
tool hp. (see Pars. 10 to 16). Having once been determined for any given 
machine, the relation of output to input (see Fig. 2) for the machine can 


be reduced to a formula. 
4 On the Kempsmith No. 4 Maximiller, for instance, the 4.12 hp. for 
dull cutters noted in g above would be increased as follows: 


(4.12 x 1.08) + 0.6 = 5.05 belt hp. required 


55 While the foregoing method of computing the hp. required 
for cutting metal may be employed provided a line similar to 
those in Fig. 3 has been established for the material to be cut, 
it is much more convenient to use a slide rule in which the data 
have been incorporated. (See Appendix.) 
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SUMMARY 


56 For milling machines the power economy increases — 


a For both slabbing and face-milling cuts: 
(1) As the r.p.m. of cutter is decreased, but only if this 
increases the chip thickness 
(2) As the feed per revolution of cutter is increased 
(3) As the number of teeth in cutter are decreased (but 
only if the r.p.m. remains constant) 
(4) As the front rake is increased. 
b For spiral and slabbing cutters: 
(1) As the cutter diameter is decreased 
(2) As the depth of cut is increased. 
c For face mills: 
(1) As the cutter diameter is increased. 
(2) As the width of cut is decreased 
(3) As the corner radius or chamfer is decreased 
(4) As the depth of cut is increased, but this only affects 
power economy when the blades have a rounded 
or chamfered corner. 


57 For lathes, planers, etc., the power economy increases — 


(1) As the feed per turn or per stroke is increased 

(2) As the round on tool point is decreased 

(3) As the angle of the tool face with direction of feed is 
decreased 

(4) As the cutting rake is increased 

(5) As the depth is increased, but this only affects power 
economy if the end of the tool is rounded. 


58 For drills, counterbores, etc., power economy increases — 


(1) As the feed per revolution is increased 

(2) As the number of flutes or cutting edges is decreased 

(8) As the spiral angle or cutting rake is increased 

(4) As the drill is ground with a larger included angle of point. 


59 While the foregoing points the way to greater power econ- 
omy, possibilities must in many cases be subordinated to practical 
considerations. On a miller, for instance, too slow a cutter speed, 
too few teeth in the cutter and too high a feed, though desirable 
for cutting efficiency, will cause hammering, and usually the 
work and jigs will not stand this, even if the machine would do so. 
Sometimes this can be overcome by using helical mills with large 
angle of teeth. 

60 In certain other details, also, a given set-up may fail in 
operation even though the computed power is well within the 
cutting capacity of the machine. Almost any machine may chatter 
on certain speeds and feeds, even when the cut is fully within the 
machine’s capacity — in fact, often because the cut is too light or 
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the cutters too sharp to put an initial strain on the supporting 
structure and take out the slack. More often it is due to syn- 
chronized vibrations, which are difficult to avoid for all conditions. 

61 Of two spindle speeds, both may be equally efficient in the 
transmission of power and have equal belt-hp. capacity, yet the 
gear leverages and bearing and shaft stresses by which one is ob- 
tained may be excellent, while for the other they may be very poor, 
causing unsatisfactory cuts, chatter vibration, and failure. 

62 As another instance of practical limitations (though this 
applies only to spiral mills) it might be supposed that more teeth 
in the cutter would give equal power economy with greater pro- 
duction per unit of time, provided the feed was increased to give 
the same average thickness of chip, because more chips would be 
cut per minute by the greater number of teeth. However, not only 
is there danger of chip interference, but if it be considered that the 
r.p.m. for a given cutter is limited for any given material, and 
again that the feed per revolution is limited in most cases by the 
finish required — which is generally accepted as being determined 
for spiral mills by revolution marks and not by tooth marks — it 
will be seen that a point of r.p.m. and of feed per minute is soon 

-reached where the only way left to increase the average chip thick- 
ness and obtain greater economy is to reduce the number of teeth, 
the only limit in this direction being, as before mentioned, the ham- 
mering action of the cutter. As the cut approaches the limit of 
the machine power capacity the advantage of few teeth in the 
spiral mill becomes very marked in its effect upon production. 


APPENDIX 


SLIDE RULE FOR DETERMINING THE POWER 
REQUIRED FOR CUTTING METAL 


63 While the power required for cutting metal may be computed 
directly from the formulas and charts given in the paper, the slide rule 
offers a simpler method. The entire process is adaptable to the slide rule, 
except the determination of belt hp. from the discovered value of tool hp. 
The arrangement shown in Fig. 9 seems to be the most convenient. The 
rule was constructed according to the methods described below. 

64 The magnitude of the logarithmic scale for the tool hp. was de- 
termined according to the desired length of the finished slide rule (in this 
case about 12 in.) and the range it was desired to cover (in this case 0.5 to 
70 tool hp.). This scale was then laid out, using proportional dividers set 
from an ordinary slide rule. 

[Norm: Where ‘‘magnitude”’ is used in the following, it refers to’ the 
spacing of the graduations and not to the full length of the scale, which 
determines the range covered. ] 

65 The magnitudes of the other scales were determined from the first 
one. The length of scale B for sharp and dull cutters, for instance, would 
be the distance from 1 to 1.4 on the hp. scale A, the difference in tool hp. 
for a sharp and dull cutter having been determined as 40 per cent. Scale C, 
for front rake angle on blades, was likewise determined. Scale D, for cubic 
inches of metal removed, is of the same magnitude as scale A for tool hp. 
since tool hp varies as cubic inches of metal removed per minute. 
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EXampueE: Find size of miller and belt hp. required for a cut 6 in. wide, } in. deep, 
3% in. feed per min. in soft steel, using a slab mill 4} in. diam., 15 deg. rake, 14 teeth, 
at 60 ft. = 54 r.p.m. cutting speed. 


(1) Find average thickness of chip as follows: Use scales I and J for slab mill, set 
arrow for slab mills (scale J) over value of cut depth + cutter diam. = 0.059 on scale 


. Feed per tooth per revolution = 3§ + (14 X 54) = 0.0048; over 0.0048 on scale 
F read 0.00115 on FE = A.T.C. 


(2) Find C.I. equivalent of soft steel A.T.C. 0.00115. On chart on reverse of rule 
(upper half of Fig. 9) locate 0.00115 on scale for soft steel, and in line with this read 
0.0004 on scale for C.I. machine casting. 


(3) Determine machine required. Set all scales central, move scale Z until 0.0004 
matches arrow on F; over 5.4 cu. in. per min. (= 6 X } X 38) on seale D set 15 deg. 
rake on scale C; over 10 for dull cutter on B read 7.4 tool hp. on A. A dull cutter 
will therefore require a No. 2 Maximiller or a No. 33 production miller, though certain 
speeds on No. 3 cone could be used as long as cutter was sharp. 


_ (4) Determine belt hp. required; use constants in upper right-hand corner accord- 
ing to machine. For a No. 2 Maximiller, belt hp. = 7.4 tool hp. X 1.12 + 0.4 = 8.7 
hp. for this cut. 


66 Since for each different material the relationship between A.T.C. 
and tool hp. is expressed by a formula involving a different root of the 
A.T.C. (see Fig. 3), each material requires a different magnitude for scale 
EF. As scales F, G, H, I, and J must be determined from £, it was not 
convenient to use interchangeable sets of slides, for at least one of these 
scales would fall on the solid part of the rule. 

67 This difficulty was overcome by using a reference scale, pasted on 
the back of the slide rule. Soft cast iron (machine casting), was selected as 
a standard for the slides on the rule because it was about midway between 
the very long scale required for aluminum, and the very short one required 
for steel. 

68 Having decided this point, the magnitude of scale H to represent 
the relation between tool hp. and A.T.C. when cutting soft cast iron (ma- 
chine casting) was determined from the relative exponent in the formula 
for this material. For C.I. (machine casting), 


Cu. In. per Hp-Min. to Tool = 12 *\/A.T.C. 
or Cu. In. per Min./Tool Hp. = 12°4/A.T.C. 
from which ‘Tool Hp. «1/°4/A.T.C. = 1/(A.T.C.)°* 


The fact that the ratio is inverse does not concern the magnitude of the 
scales, which will be in the ratio of 1 for tool hp. and 1/2.75 or 0.362 for 
A.T.C., since this is the ratio of their exponents. The scale was laid out 
with proportional dividers, working from scale A. 

69 The magnitude of H now having been determined, the various refer- 
ence scales for other materials may be determined in the same way. The 
formulas for the various materials (Fig. 3) show that the exponent for 
tool hp. will remain the same for the various formulas, being 1 in all cases; 
the exponent for A.T.C., however, varies according to the material, as 
follows: ‘ 


Aluminum Casting oe Caen == (AMT Ca)ee' 
Yellow Brass Casting f a/R = (ATO) o* 

Soft C. I. (Semi-Steel 20 per cent) rA/ KETO: =GAn DG) %4? 
Soft C. I. (Machine Casting) EX) A een Oye” 
Hard C. I. A ARTCH = (A.T.C.) 93 
Soft Steel Casting N/A, T.C.1= (A,T.C,)°# 


Soft Steel (20 C) V AT.C, = (A.T.C.)°4 
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70 The various reference scales will vary in magnitude according to 
the exponents of the A.T.C. The magnitude of scale used on the face of 
the rule for slide H and which corresponds to the correct magnitude for 
this slide rule for determining the hp. required for C. I. (machine casting) 
need not be used so long as the relative magnitudes of the various scales 
are kept in proportion to the exponents given in the preceding paragraph. 

71 Scales A to H would be all that are required for determining hp. to 
tool after A.T.C. has been found, but as the value of A.T.C. for milling 
cutters is not readily computed from the formulas, the scales Ff, G, H, I, 
and J are added to the slide rule to facilitate this calculation. Scale F 
for feed per tooth per revolution is of the same magnitude as scale H, the 
exponent of f in the various formulas for computing A.T.C. being always 
the same as that for A.T.C. 

72 Scales @, H, I, and J are determined in a similar manner to scale 
B, except that the quantity which represents the effect of a given change 
in the value of the various terms is laid off on scale # instead of on scale A. 
There is no scale representing a variation in spiral angle, as the effect 
is small and apparently can be neglected. 

73 The magnitudes of the scales have thus been ‘detoniamead: but not 
their position. Any scale may be located either upon an upper or lower 
edge of any slide without affecting the final result, as this merely changes 
the order in which the variables are considered. The direction in which 
they read, however, must be reversed. If the direction in which the scale 
reads is reversed without such a shifting in its location, the effect upon the 
final reading would be the same as changing from a direct to an inverse 
relation, in the equivalent formulas. 

74 From these two facts it was found possible, by trial, to locate the 
scales on the slides in such a way that the effect upon tool-hp. scale of 
shifting the scales B, C, D, and E and the effect upon the A.T.C. scale of 
shifting the scales F, G, H, I, and J, were the same as that demanded by 
the relationship of the various terms in the formulas involved and yet 
have them all read in the normal manner, that is, from left to right. 

75 To locate them endwise on the slides in proper relationship to each 
other and, where necessary, to locate reference arrows such as the one 
on scale F to which scale # is set after the A.T.C. has been determined, 
a problem was worked out by means of the formulas and the corresponding 
values adjusted on the slides until the result was the same. 

76 On the reference scales for various materials on the back of the 
rule all the logarithmic scales start with a value of 0.0001 on the same line, 
since all materials seemed to give an equal metal removal per hp. at about 
0.0001 A.T.C. If this were not so 1t would not have been easy to construct 
one slide rule for various materials, as the reference scales on the back of 
the rule would necessarily have to be staggered until the points where equal 
metal removal was obtained were above one another, and instead of a 
single index arrow for setting scale H it would have been necessary to have 
one for each material having a different value of A.T.C. for the point of 
equal metal removal per hp. In view of the above facts, however, a single 
starting index arrow answers for all, so long as it is located opposite the 
value A.T.C. = 0.0001. For any other location there would have to be an 
arrow for each material. 

77 The fact that the rule will not compute belt hp. does not prevent a 
point being established representing the maximum tool hp. available for 
a given machine which will serve to determine whether a given cut may be 
run on that machine. Cone-driven machines have a different power capa- 
city for each speed, and the best way of representing the maximum capacity 
seems to be to list the various speeds directly over the point on the hp. 
scale which represents the maximum for that speed. This has been done 
on the scale shown herewith for the various Kempsmith cone-driven millers. 
The above points were established by working backward from the belt 
hp. figured on the basis of 60 Ib. effective pull per inch of width and using 
the constants in the upper right corner of the rule. These constants were 
established as described in the notes on the cutting tests. 
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78 Directions for the use of the rule are fully explained in the example 
and notes printed on the rule itself. First establish the value of A.T.C. 
which corresponds to the tool and conditions of cutting for face-mill cuts by 
setting scales Ff, G, H; for spiral mills and form cutters, by setting scales 
F, I, J; and for drills, lathe tools, planer tools, by computing the value 
according to the data printed upon the rule. Next determine the equiva- 
lent of this A.T.C. for the material being cut in terms of soft C. I. (machine 
casting) from the scale of equivalents upon the back of the rule. The 
equivalent can be read on the scale for soft C. I. (machine casting) directly 
above or below the location of the true value on the scale for its own proper 
material. The tool hp. required for the cut is then determined by locating 
the equivalent value thus found on scale £ and setting this value over the 
arrow. If the scale C is then set with the correct rake angle over the cor- 
rect value of cu. in. per min. on scale D, the tool hp. can be read for sharp 
or dull cutters on scale A. When the quantity thus found falls above 
the point of maximum tool hp. for any given machine, it indicates that a 
larger machine must be used or the cutting conditions changed to require 
less power. 


DISCUSSION 


BENJAMIN P. GRAVES AND JAMES A. Hau. The author is to 
be congratulated on his success in bringing together the results of 
so many and varied experiments into one report, and on finding 
a basis on which they can be combined into a set of equations 
governing the art of milling. The tests being given in a form in- 
dependent of any variables due to the machine or drive enable 
them to be checked against the work of other investigators. The 
writers have been making at the Brown & Sharpe Mfg. Co., some 
investigations of milling along somewhat different lines, but the 
data were taken in such detail that the tests may be figured along 
the lines of the author’s paper. 

The method of deducting the zero kilowatt reading from the 
reading during the test and multiplying the difference by a con- 
stant to give the horsepower delivered to the tool as described by 
Mr. Parsons, was used by the writers. We differ, however, in the 
method of determining this constant. In Fig. 1, horsepower out- 
put from motor is drawn as a straight line on the basis of 4 hp. to 
3 kw. over the zero kilowatt reading, or practically a 100 per cent 
transfer of all added kilowatts to horsepower. While the losses 
in field coils, bearings, etc., which make up the no-load input of 
the motor are practically constant at all loads, the electrical losses 
in the armature are not, and may amount to a full kilowatt addi- 
tional at full load in a motor of the size used. We, therefore, 
question the kilowatt-horsepower line in Fig. 1. 

Formulas for determining the factor by which the kilowatt 
difference is to be multiplied to find the horsepower delivered to 
the cutter are given in Pars. 6 and 15, being based on the assump- 
tion that the horsepower to the cutter is always the same at full- 
load input to the motor irrespective of the no-load kilowatt read- 
ing. This may be represented by a series of kilowatt-horsepower- 
to-cutter lines starting at different points on the no-load line and 
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coming to the same point at full load. This gives a different con- 
version factor for every zero kilowatt reading, as shown in Table 1 
and Par. 16. Our investigations at the Brown & Sharpe plant 
indicated that the no-load kilowatt inputs are required for bearing 
friction, electrical losses that remain constant as the load increases, 
etc., and that the kilowatt-horsepower-to-cutter curves should 
be a series of parallel lines giving the same conversion factor for 
all no-load kilowatt readings. In our tests we found a conversion 
factor of 1.25 from motor kilowatt input to spindle horsepower 
up to one-third of the motor capacity, with a decreasing figure 
for the higher loads as the electrical losses increased. 

We agree with the statements in Pars. 10 to 13 that machine 
friction losses must be deducted to obtain consistent results in 
tests. However, we do not understand how the author arrived at 
a machine efficiency of 90 per cent. The power delivered to a 
milling machine goes either to the spindle or to the table. The 
spindle drive may easily have an efficiency of over 90 per cent. 
The table drive, however, to insure instant cessation of motion 
when the clutch is thrown out, must be limited to an efficiency of 
50 per cent under the most favorable condition of lubrication when 
operating on a high-speed quick return, and has a much lower 
figure at normal cutting speeds. This may not be serious when 
the table takes about five per cent of the power, but it is easy to 
conceive of a condition where the table might absorb such a pro- 
portion of the power as to change considerably the assumed figure 
of 90 per cent for the whole machine. In the Brown & Sharpe 
tests, the table and spindle were driven separately, and by different 
motors. The results given below are based on the power required 
by the spindle alone. 

In Par. 21 it is stated that since the lines for steel and cast iron 
meet in a point at an average chip thickness of 0.0001 in. and a 
cubic inch per hp-min. of 0.4, this can be assumed as a common 
point for all metals. That is, for instance, a 20-tooth cutter, 33 
in. diameter, running at 100 r.p.m., and a depth of cut of 0.025 in. 
would require the same power at a feed of 2.4 in. per min. on any 
metal that it might be cutting. If the feed were reduced to 2 in. 
per minute it would require more power to cut any of the weaker 
metals than to cut hard steel. This does not seem reasonable, and 
makes this assumption a point of weakness requiring some defense. 

As noted earlier, we have plotted over 100 tests on the basis 
used by the author. All these tests were made on mild steel and 
with cutters having ten degrees rake. A line plotted as the average 
of the tests corresponds with the formula 


Cu. in. per hp-min. = 1.53 ¥/A.T.C. 


If the eight tests at the lower end of Mr. Parsons’ diagram are 
omitted, the Kempsmith tests fit our formula about as well as 
they do the one assigned to them. 

This leaves the Taylor lathe tests practically all above our 
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line. Taylor interpreted his tests to mean that the vertical pres- 
sure on the tool varied as the first power of the depth and as the 
14/15 power of the feed per revolution. For any series at one depth 
this would make the cubic inches per hp-min. vary as the 15th 
root of the average chip thickness. We feel that these tests should 
be represented by a line parallel to and higher than ours rather 
~~ by one line that is common for both lathe and milling 
nuts. 

The above criticisms are intended to add to the value of this 
paper. The discussion of the technique is taken up to draw more 
attention to this subject so that future methods adopted may. 
appeal to all as essentially accurate. We feel that the great ma- 
jority of Mr. Parsons’ tests are close enough to the actual figures 
to be accepted without question. While we do not agree with all 
his conclusions, we certainly feel that great credit is due him for 
reporting these tests in such a form that they can be combined 
with similar work of other investigators on other machines. 


Cart J. Oxrorp. The results obtained by the author form an 
almost complete corollary to the data in the paper! prepared by 
Professor Airey and the writer. Although the author has arranged 
his results in a different form to facilitate computations of power 
for commercial purposes, the underlying principles are shown to 
be the same. It is found that chip thickness is the real fundamental 
index to the energy required for removing a given volume of metal. 
Whether thick chips are produced by increasing the linear feed 
per revolution, or by decreasing the number of cutting edges for a 
given feed, must depend on practical considerations such as the 
nature of the cut and the finish desired. In either case, however, 
metal is removed more efficiently in thick chips than in thin ones. 
The writer believes that the greatest number of cutting edges 
compatible with the conditions encountered should always be 
used to decrease the cutting speed and prolong the life of the 
tools. ° 

The author’s conclusions regarding the lack of power economy 
due to spiral teeth coincide with the results in the paper men- 
tioned above. This may not hold true, however, for extreme spirals 
such as those used in helical cutters, although much of the ap- 
parent power saving with these cutters is doubtless due to the 
comparatively small number of teeth and the consequently heavy 
chip per tooth. 

Only in one respect can the practical value of the results ob- 
tained by the author be questioned, namely, his failure to consider 
the saving of power due to the use of lubricants. This is not a 
criticism, as it is realized that to cover this field an amount of 
work comparable to that already done would be necessary, It is 
only to be regretted that no such data are available. It should 
be noted that the lubricating properties of cutting fluids are en- 


1 On the Art of Milling, Trans. A.S.M.E., vol. 43, p. 549. 
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tirely distinct from their cooling properties. The function of a 
cooling fluid is to avoid overheating the cutting edges, while lubri- 
cation distinctly decreases the power required for a given cut. 
That lubrication would seriously affect the calculations of power 
as outlined by the author is indicated by the statement that we 
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have found extreme variations of over 30 per cent in energy re- 
quired for a given cut when using different lubricants. The gen- 
eral appearance and viscosity of the two lubricants showing the 
greatest variation is practically the same. The curve Fig. 10 
represents energy in foot-pounds for a given material and with 
the same chip thickness, but using different lubricants. 
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While the investigation of lubrication of cutting tools is by no 
means complete, sufficient data have been accumulated to permit 
the statement that this factor must be taken into account when 
computing the power required for metal cutting. 


Cart G. Barta. While the experiments described in the paper 
represent on the whole a more practical method of attack than 
some of the methods heretofore described, the writer is disappointed 
that the author did not adopt the same method of eliminating all 
the electrical and the greater part of the frictional losses in his 
experimental machinery than the writer did in his own experiments 
on cutting pressures on lathe tools, as described in Mr. Taylor’s 
paper On the Art of Cutting Metals. Even the author’s pains- 
taking efforts to estimate and allow for all frictional resistances 
in arriving at the net power consumption by the cutting tool 
itself leave room for doubt as to the reliability of the ultimate 
results. 

The author’s experiments deal with power consumption alone. 
His statement that the experiments have apparently disclosed the 
fundamental laws governing not only milling, but also turning, 
planing, and drilling, is curious, for the reason that he makes no 
mention of feeds, depth of cut, etc. in relation to speeds and 
economical duration of cutting time in materials of varying degrees 
of hardness. Such knowledge, as pointed out by Taylor, is of 
primary importance in practical metal cutting, and a knowledge 
of power is of only secondary importance. In the author’s slide 
rule the available power alone is represented, in a manner to ascer- 
tain whether such power is sufficient for a certain cut, i.e., depth 
of cut, feed, and speed. The writer has for eighteen years used 
slide rules with fair success for determining the feed and speed in 
milling steel and cast iron, on the basis of shape of cut, number of 
teeth in the cutter, diameter of cutter, and hardness class of the 
material to be cut. Within the past two years he has added to 
this a fair knowledge of the power consumption. This knowledge 
was acquired by a mathematical consideration of the power re- 
quired by a lathe cutting-off tool. 

The author, by the manner in which he uses the writer’s results 
for cast iron, indirectly accepts these as at least as reliable as his 
own, although they effectively disprove his conclusion that all 
materials offer about the same resistance to any cutting tool whose 
effective feed, i.e., chip thickness, is just 0.0001 in. For a certain 
‘size of lathe roughing tool the writer obtained a pressure repre- 
sented, for a certain grade of hard cast iron, by the formula P = 
69,000 D!#F?, and for a certain grade of soft cast iron by P = 
45,000 Di*F?, neither grade being the extreme of its kind. For 
equal depths of cut and feeds the ratio of these expressions is 
1.533, and hence also for a feed of 0.0001 in. While he has never 
dared to assert that these formulas would hold good for a feed so 
much less than the smallest experimental one there is no reason 
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to doubt that the ratio they give is approximately correct. For 
cast irons of extreme hardness this ratio would unquestionably 
be at least 2, and perhaps 3. 

The author also bases his conclusions and final formulas on a 
false use of the average thickness of the undistorted milling chip, 
which he assumes to be one-half of its maximum thickness. A 
milling chip is only of approximately uniformly increasing thick- 
ness, and for a ratio of d/D (as used by the author) that approxi- 
mates 4, as, to be sure, it actually does in certain kinds of end 
milling, the thickness drops off rapidly from a straight-line in- 
crease toward the heavy end, the thickness at any point being prac- 
tically directly proportional to the sine of the angle between the 
point of zero thickness and the thickness considered. 

Further, figuring the thickness for lesser values of d/D as if the 
chip were a straight-line wedge, and hence having an average 
thickness equal to-one-half its maximum, this average thickness 
is not a true measure of the total work done in removing the chip, 
except for a metal for which the exponent for a uniform chip 
thickness is unity. We know of no such material. But it can be 
shown that for a material whose resistance to cutting is propor- 
tional to t”, where ¢ is the chip thickness and n is a fraction, an 
ideal uniform chip thickness ¢; that would require for the removal 
of the chip the same amount of work as a straight taper chip of 
equal length and maximum thickness t, will be 

ti = a. JEP whence:-3 = sa le 
(1 + n)* tm (1+ n)n 


Of the following values of t;/tn, the smallest one is within the 
smallest one obtained by Mr. Parsons, viz., for aluminum: 


1 


n= 1 i 3 3 
ti/tm = 0.5 0.474 0.444 0.41 


The assumption as to the average thickness of chip from a lathe 
roughing tool, which the author has used in arriving at the general 
conclusion that the power consumption per cubic inch is the same 
regardless of the kind of cutting tool used, does not seem warranted. 
Neither does the use he has made of the writer’s experiments in 
cast iron seem fully warranted as a confirmation of his own results. 
If the assumption held good, the cutting pressure for equal depths 
of cut and feed would be the same for the fillet tool, Fig. 11, and 
the straight-edged tool, Fig. 12, with their equally long cutting 
edges. 

The fillet tool has to exert a greater reaction against its chip 
because this comes off with much more distortion than the chip 
from the other tool. The ideal average chip thickness of the fillet 
tool is less than its arithmetical average, as was brought out above 
for a plain milling chip. Thus it is evident that the power con- 
sumption for equal amounts of metal removed must be more for 
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a fillet tool, and hence also for a round-nose roughing tool, than for 
a straight-edged tool. 

The above arguments hold good in a modified manner for form 
milling cutters, which are further complicated by the fact that each 
point on the cutting edge of a form cutter works at a shallower 
depth of cut and on a smaller diameter than the extreme points, 
a fact ignored by the author. For such cutters there is a variable 


Fre. 11 Fie. 12 


value of the ratio d/D in the formula for maximum thickness of 
chip as given and used by Mr. Parsons. This formula is 


VF 9) 


If in this éxpression we put « for the variable value of d, the corre- 
sponding value of D will be D — 2d + 2x, whence 


tne = 2F\)— e (1 ai 
D— 2d + 22 D — 2d + 2a 


an expression which for relatively small values of d may, without 
much error, be simplified to 


fa = 2 \/2 
i D 


This suffices to show that the problem involved in milling is an 
exceedingly complex one from a mathematical point of view as 
soon as we go beyond plain slabbing or rectangular-groove milling. 
In the writer’s complete slide rules for milling he keeps well on 
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the safe side in estimating the power required for a form cutter 
by allowing it as much power as a rectangular-groove cutter of a 
width equal to the maximum width of the form cutter. 

Despite the rather adverse criticism of the author’s mathematical 
work, the writer appreciates that he has given us some idea of the 
cutting resistance of brass and aluminum, to which we have never 
before seen any reference. 


Tue Autuor. In reply to the criticism by Messrs. Graves and 
Hall, of the straight line, Fig. 1, representing hp. output from 
motor, and the method used to compute hp. to cutting tool, it 
was recognized that these did not give theoretical accuracy. How- 
ever, theoretical accuracy was not especially desirable. The 
methods used in establishing the line and formulas for hp. delivered 
to cutting tool were convenient approximations and appeared to 
be more accurate than the actual plotted motor tests, which show 
some decided humps. 

The method proposed in the criticism would change the results 
by trifling amounts, probably considerably less than unavoidable 

-errors of observation, instruments, etc., and variations in cutter 
sharpness, and the change would take place at the higher motor 
powers, where of least effect on the conclusions. 

As to machine efficiency, it 7s a difficult matter to establish an 
efficiency for the combined spindle and table drives, and un- 
doubtedly impossible to establish a figure which does not vary 
under different cutting conditions. However, the author’s ex- 
perience is that a loss in the efficiency of the one drive is partly, 
at least, compensated by an increased efficiency of the other, so 
that the net result over the range of practical conditions is a com- 
bined machine efficiency which, for the purpose of the tests shown, 
may disregard the individual efficiencies. To add the apparently 
unnecessary complication of extra items involved by considering 
feed and speed trains separately would defeat the main object of 
the investigation by making the computations, or the slide rule, 
too complicated for ordinary use, and remove the tests from the 
chosen field of actual shop conditions. 

As to the objection raised to the assumption that the lines for 
steel and cast iron meet at a point of A.T.C. = 0.0001 in. and a 
cubic inch per tool hp-min. of 0.4, undoubtedly this assumption 
is theoretically incorrect; and if it were possible to increase the 
sharpness of the cutting edge, etc., in proportion as the chip be- 
comes thinner, the lines would eventually become parallel as the 
chart Fig. 3 was extended to the left, the lines for the weaker 
materials being above the stronger materials in all cases. This 
again, however, becomes merely theoretical, since an A.T.C. of 
0.0001 in. is the probable extreme limit of practice, and in fact 
considerably below the extreme of ordinary practice which is rep- 
resented by milling cutters with extremely small feeds per minute, 
fine tooth spacing, and highr.p.m. Such an A.T.C. is not approach- 
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able by a lathe tool, for instance, and what happens below an 
A.T.C. of 0.0001 in. is idle speculation. 

Regarding the formulas assigned by Taylor as the result of his 
tests, which are quoted in the criticism, the author is aware that 
for any given series of tests covering a small range of chip thickness, 
as did Taylor’s, other formulas than those presented in this paper 
may be made to fit with perhaps even greater apparent accuracy. 
Taylor, however, does not seem to have recognized the fact which 
to the author appears from these tests to be fundamental, namely, 
that it is the average thickness of the undistorted chip which should 
be the basis of all formulas calculated to compute power required 
when cutting metal, and that on no other basis can the power for 
cutting metal with different types of tools be compared. 

Replying to Mr. Oxford, it was recognized and noted that cutter 
cooling and lubrication might have an important bearing on the 
question of power consumed. It was a matter of extreme regret 
to the author that no data of sufficient worth were available to 
enable suitable factors to be provided in the formulas. It is to be 
hoped that this phase of the work can be carried forward by others 
in the near future. 

As regards the number of teeth in spiral milling cutters, although 
it might appear desirable to use more teeth and an r.p.m. low in 
relation to feed per minute to obtain power economy comparable 
with wide-spaced teeth, yet the cutter has higher r.p.m. with slower 
feeds for a given chip thickness, or in other words, the wide-spaced 
cutter teeth should give a better finish with equal power economy 
since finish is determined by revolution marks and not by tooth 
marks. The wide-spaced cutter would make more revolutions for 
a given feed distance. In ordinary practice the cutter r.p.m. 
is established to give a certain standard peripheral speed, without 
regard for the number or spacing of cutter teeth, and the wider 
spacing is then more economical of power. 

Replying to Mr. Barth, it is to be borne in mind that the method 
used by’the author for eliminating friction and electrical losses 
was devised primarily to permit tests under the actual conditions 
of every-day use, the whole purpose of the tests being to get prac- 
tical results rather than theoretical accuracy. That the lathe and 
drill tests mentioned in the paper coincide remarkably with the 
results obtained by the author, seems to show that the methods 
used by each investigator were reasonably accurate, and within 
the limits of observation and instrument errors. 

The criticism that the author deals only with power consumption 
needs no answer, since nothing to the contrary was attempted or 
asserted. There was surely no intention to detract from the remark- 
able work accomplished by Taylor as regards the life of cutting 
tools, nor to assert that the laws governing tool life were of less im- 
portance than he assigned to them. If Mr. Barth has for eighteen 
years, and with success, been making slide rules for determining 
the power required for milling under practical conditions, it is un- 
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the safe side in estimating the power required for a form cutter 
by allowing it as much power as a rectangular-groove cutter of a 
width equal to the maximum width of the form cutter. 

Despite the rather adverse criticism of the author’s mathematical 
work, the writer appreciates that he has given us some idea of the 
cutting resistance of brass and aluminum, to which we have never 
before seen any reference. 


Tue Auruor. In reply to the criticism by Messrs. Graves and 
Hall, of the straight line, Fig. 1, representing hp. output from 
motor, and the method used to compute hp. to cutting tool, it 
was recognized that these did not give theoretical accuracy. How- 
ever, theoretical accuracy was not especially desirable. The 
methods used in establishing the line and formulas for hp. delivered 
to cutting tool were convenient approximations and appeared to 
be more accurate than the actual plotted motor tests, which show 
some decided humps. 

The method proposed in the criticism would change the results 
by trifling amounts, probably considerably less than unavoidable 

-errors of observation, instruments, etc., and variations in cutter 
sharpness, and the change would take place at the higher motor 
powers, where of least effect on the conclusions. 

As to machine efficiency, it 7s a difficult matter to establish an 
efficiency for the combined spindle and table drives, and un- 
doubtedly impossible to establish a figure which does not vary 
under different cutting conditions. However, the author’s ex- 
perience is that a loss in the efficiency of the one drive is partly, 
at least, compensated by an increased efficiency of the other, so 
that the net result over the range of practical conditions is a com- 
bined machine efficiency which, for the purpose of the tests shown, 
may disregard the individual efficiencies. To add the apparently 
unnecessary complication of extra items involved by considering 
feed and speed trains separately would defeat the main object of 
the investigation by making the computations, or the slide rule, 
too complicated for ordinary use, and remove the tests from the 
chosen field of actual shop conditions. 

As to the objection raised to the assumption that the lines for 
steel and cast iron meet at a point of A.T.C. = 0.0001 in. and a 
cubic inch per tool hp-min. of 0.4, undoubtedly this assumption 
is theoretically incorrect; and if it were possible to increase the 
sharpness of the cutting edge, etc., in proportion as the chip be- 
comes thinner, the lines would eventually become parallel as the 
chart Fig. 3 was extended to the left, the lines for the weaker 
materials being above the stronger materials in all cases. This 
again, however, becomes merely theoretical, since an A.T.C. of 
0.0001 in. is the probable extreme limit of practice, and in fact 
considerably below the extreme of ordinary practice which is rep- 
resented by milling cutters with extremely small feeds per minute, 
fine tooth spacing, and highr.p.m. Such an A.T.C. is not approach- 
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able by a lathe tool, for instance, and what happens below an 
A.T.C. of 0.0001 in. is idle speculation. 

Regarding the formulas assigned by Taylor as the result of his 
tests, which are quoted in the criticism, the author is aware that 
for any given series of tests covering a small range of chip thickness, 
as did Taylor’s, other formulas than those presented in this paper 
may be made to fit with perhaps even greater apparent accuracy. 
Taylor, however, does not seem to have recognized the fact which 
to the author appears from these tests to be fundamental, namely, 
that it is the average thickness of the undistorted chip which should 
be the basis of all formulas calculated to compute power required 
when cutting metal, and that on no other basis can the power for 
cutting metal with different types of tools be compared. 

Replying to Mr. Oxford, it was recognized and noted that cutter 
cooling and lubrication might have an important bearing on the 
question of power consumed. It was a matter of extreme regret 
to the author that no data of sufficient worth were available to 
enable suitable factors to be provided in the formulas. It is to be 
hoped that this phase of the work can be carried forward by others 
in the near future. 

As regards the number of teeth in spiral milling cutters, although 
it might appear desirable to use more teeth and an r.p.m. low in 
relation to feed per minute to obtain power economy comparable 
with wide-spaced teeth, yet the cutter has higher r.p.m. with slower 
feeds for a given chip thickness, or in other words, the wide-spaced 
cutter teeth should give a better finish with equal power economy 
since finish is determined by revolution marks and not by tooth 
marks. The wide-spaced cutter would make more revolutions for 
a given feed distance. In ordinary practice the cutter r.p.m. 
is established to give a certain standard peripheral speed, without 
regard for the number or spacing of cutter teeth, and the wider 
spacing is then more economical of power. 

Replying to Mr. Barth, it is to be borne in mind that the method 
used by’the author for eliminating friction and electrical losses 
was devised primarily to permit tests under the actual conditions 
of every-day use, the whole purpose of the tests being to get prac- 
tical results rather than theoretical accuracy. That the lathe and 
drill tests mentioned in the paper coincide remarkably with the 
results obtained by the author, seems to show that the methods 
used by each investigator were reasonably accurate, and within 
the limits of observation and instrument errors. 

The criticism that the author deals only with power consumption 
needs no answer, since nothing to the contrary was attempted or 
asserted. There was surely no intention to detract from the remark- 
able work accomplished by Taylor as regards the life of cutting 
tools, nor to assert that the laws governing tool life were of less im- 
portance than he assigned to them. If Mr. Barth has for eighteen 
years, and with success, been making slide rules for determining 
the power required for milling under practical conditions, it is un- 
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THE EFFICIENCY OF THE SCOTCH 
MARINE BOILER 


By C. J. Jerrerson,! New York, N. Y. 
Member of the Society 


The average merchant cargo steamer develops boiler efficiencies of but 
55 to 60 per cent with coal-fired boilers, and 60 to 65 per cent with oil- 
fired boilers. That these efficiencies are much below those possible is 
shown by the serves of tests given in this paper, in which efficiencies as 
high as 76.7 per cent with coal and 82.8 per cent with oil were developed. 
Considerable fuel savings are possible in marine practice by means of 
proper supervision of the operating force. 


PROM the analysis of the logs of approximately 250 vessels, it 

is apparent that the average merchant-marine cargo carrier 
develops approximately 60 to 65 per cent efficiency in her boiler 
plant when oil fired, and that these values are from 55 to 60 per cent 
for coal-fired boilers. This same condition holds true for the aver- 
age stationary plant of less than 1000 boiler hp., as has been shown 
by several analyses made at various times of boiler tests conducted 
on this type of plant. 

2 The time has come, however, when better results must be 
obtained. The Diesel engine is rapidly entering the marine field 
and the steam-driven vessel must develop its maximum efficiency 
if it hopes to be able to sail in competition with the Diesel-engined 
ship, even after making all allowances for the relative difference in 
the first cost for installation. 

3 Moreover, the merchant marine of the United States has estab- 
lished a higher standard of living for its operating personnel than 
its competitors. This higher standard means increased cost of 
operation, and this increased cost must be met by increased effi- 
ciency of performance. 

4 The first essential in obtaining higher efficiencies is to educate 
the operating personnel to the point where they appreciate what 
higher efficiencies mean, how to use the instruments necessary for 


1 Head of Fuel Conservation Section, United States Shipping Board. 


Presented at a meeting of the Metropolitan Section of Tam AMERICAN 
Socrery or MercHanicaL ENGINEERS, New York, November 14, 1922. 
Slightly abridged. 

229 


230 THE EFFICIENCY OF THE SCOTCH MARINE BOILER 


Ke | k34 “4 Thal per In 


OS 


ss 


XO 010000000000 


HNN 2" Foster ¢ 


<) 


200900000000000 Super heater 


Half Section B-B Half Section A-A 


Fic, 2 SupprRHEATER Usep witH ScorcH MarINnE 


Section C-C 
BorterR TrEstep 


C. J. JEFFERSON 231 


determining the efficiency of combustion, and how to’ correct 
faulty combustion and thereby build up boiler efficiency. 
5 The tests which are outlined below were conducted by the 


TABLE 1 HAND-FIRED COAL TESTS OF SCOTCH MARINE BOILER 


Boiler: 3-furnace, with separate combustion chambers; heating surface, 2777 sq. ft. 
grate surface, 61.8 sq. ft.;. area through tubes, 11.94 sq. ft.; combustion chamber 
volume, 289.4 cu. ft.; heating surface of air heater, 1220 sq. ft.; superheater heating 


surface,,774 sq. ft.; retarders in tubes; bridge wall, C.I.V.; coal used, Georges Creek 
run of mine. 


ARG SUN UTE wrorgaiien Re ut Seh mene eae 1-1-1-10 1-1-1-9 1-1-1-8  1-1-1-11 
rations nn toes oc ates een, Se 120 10.0 8.083 6.089 
Motalctuel neds pses tee eee 9,696 12,000 12,521 11,619 
Fuel as fired, lb. per sq. ft. of grate sur- 

ER COMPELIN Es sct. tye tc thnf Sekoeerre. ets, wis 13.07 19.4 25.1 30.9 
Proximate analysis of fuel: 

Mois turesper cents. ait sss cnn 2s 2.15 2.27 1.97 Q2A7 

Fixed carbon, per cent............ 70.93 69.87 70.00 69.44 

Wolatile- mer Gentes secant na cas. 18.84 19.07 19.52 19,14 

Ash. pemcent- car. <is.c1t, abs eri ot 8.08 8.79 8.51 9.25 

_ Heating value, B.t.u. per lb........ 13,929 13,779 13,858 13,683 
Ultimate analysis of fuel: 

Hydrogen, pericent. .c4.o0% 2.2... 4.61 4.58 4.58 4.56 

Carbousner.cent: 3. 6S tia ce o2 cc 80.08 79.34 79.78 79.01 

Nitrogen: sper cent..:. f geie. wee cs as 1.91 1.89 1.91 1.89 

Oxygen wpericent.nm en. eh. on = 4.43 4.52 4.27 4.42 

Sulpbursper cents 1 Wat < 4.0 cle. = 0.89 0.88 0.95 0.87 
Ash and refuse: 

photdliweientslb:, <2. seats «ark 1200 1340 1309 1125 

Per cent referred to dry coal...... 12.66 11.40 10.60 9.90 

Heating value, B.t.u. per lb........ 3110 4540 4120 4938 
Flue-gas analysis: 

COn MerCent tis tesa Me oes e's hs Lae? 1252 12.3 11.8 

Ostnenicentz th. ..2- ate oo 6.8 6.6 6.4 ES 

COB MeTEC Gittins, 5 ties -SEEe Rises te 0.07 022 0. 0.02 

Wes DOI COInb oor areata tatagetsr ave ne 81.93 81.0 81.0 80.88 
Boiler pressure, gage, lb. per sq.in..... 163 157 166 158 
Superbleat, deg fiance -oenin el Be sche eens 1 14 23 38 
Moisture in steam leaving boiler, per 

COM ies 9 Seta ee heath oie kt GN aerate See iave 0.58 0.50 0.55 0.57 
Drafts and air pressures (inches of water): 

Below PERLCS cop cee As aa ot) eee eas + 0.19 +0.54 +0.605 + 0.900 

A OGotheeOe  oeare © ae ae ee + 0.02 +0.16 +0.283 + 0.380 

B6LOw ALE NOAUeT ny tend ca sf)» mere ate oe —0.08 —0.058 —0.065 — 0,090 

IBSBe Oat HCKE EE Sons BES Son ds... —0.12 —0.122 —0.092 — 0.130 
Gas temperatures (deg. fahr.): 

heaving Woven ie decid peeve pees eo 29 437 503 537 606 

Leaving superheater.............. 372 447 472 519 

eavingseir heater nfo «0%. ols: 277 336 361 396 
Total water fed to boiler, lb........... 100,560 124,670 122,328 116,988 
Feedwater temperature, deg. fahr...... 212 204 193 208 
Equivalent evaporated steam from 

boiler, lb. per hr. per sq. ft. of heat- 

TINS BUPLACE Ate Pos 5 sc Sie ee ne 4 3.14 4.71 5.78 7.4 
Actual evaporation per lb. of coal fired. 10.37 10.40 9.76 10.07 
Efficiency of boiler without superheater, 

Der Cenisupmains Mes Gaeeeteah ee 75.2 76.7 72.6 74.6 
Heat balance: 

Heat absorbed by boiler, per cent. . 75.8 vires!) 73.9 76.8 

Loss due to pignsbare in nel, per cent. 0.2 0.2 0.2 072 

Loss due to burning hydrogen in 

anely per cent pire Ae Por ance : 3.4 3.5 3.5 3.6 

Loss due to heat carried away in 

dry gas, percent. oon... . dou 6.2 Tad 7.4 9.3 
Loss due to CO, per cent......... 0.4 0.9 iNg3 0.1 
Loss in combustion — ash and re- 
fuse; PET CONU reg eae ee - 2 ieee PAR 3.3 2.8 3.2 
Loss unaccounted for, per cent.... TARAS aril 10.9 6.9 
Heat in fuel as fired, per cent.... 100.0 100.0 100.0 100.0 


U.S. Shipping Board to obtain reliable and accurate data as to 
the possible efficiency and capacity of the Scotch marine boiler, 
which is one of the oldest types of boilers in service and which has 
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been accepted as a good, reliable servant without due regard being 
paid to its possible efficiency. 

6 The boiler selected for the test purposes was a single-ended, 
three-furnace, separate-combustion-chamber type, having 2777 
sq. ft. of heating surface with coal fire and 3022 sq. ft. with oil 


TABLE 2 FUEL-OIL TESTS OF SCOTCH MARINE BOILER — 
HOWDEN FRONT FORCED DRAFT x 
Boiler: 3-furnace, with separate combustion chambers; heating surface, 3022.4 sa. 


ft.; heating surface of air heater, 1220 sq. ft.; superheater heating surface, 774 sq. ft.; 
retarders in tubes. 


PREGCE MUNA DOI ina: «. isiottee a tea csc Ree «co wales 26 36 43 
‘Duration hrs vs 5: oes ceo ee ee ee ee 8.03 2.888 3.026 
Gombustion space, cud ft... sees ee ae 561 545 588 
Totallfuel sired) Ibs sence <i, secretes Meee ot ay 6704 3794 6091 
Fuel *perburner) per hr, Ibs... Simee.ons ote: - 278 438 671 
Fuel per hr. per sq. ft. of heating surface, lb. 0.276 0.435 0.666 
Analysis of oil as fired: 
Moisture; percent eter. « «/, openers acne os . 0.9 0.3 0.3 
Sediment? per icenten wes: <.. seer sence trace trace trace 
Hydrogen, er Cents .c4-s oe eee ces 11.9 11.32 11.6 
Carboutiper: contimnce.cn-> mahi aie ere 83.97 82.73 84.5 
Sulphur, per cent nhs eas oo dees 3.9 4.0 3.6 
Gravity; deg: Be woes). arcs ete 15.4 15.4 15.4 
Specifier gravity oc eiswts, . ee cde ee ares one 0.963 0.963 0.963 
Flash spoint, deg, erabr: er ere meee ate 166 166 166 
Burning, point, desieiahr re <)cetae ace 234 234 234 
Heating value, B.t.u. per Ib............ 18,193 18,324 18,234 
Flue-gas analysis: 
COs, pericent.,.3 ttt ot Serene ee 10.8 12.3 12.6 
Oo percents cals ceteaatacasepecmiae nae 6.3 45 oad 
CO, (percent. serene coun Hee cite 0.03 0 0 
Na, pericentiei sd Mites fe vrct aration eats 82.87 83.2 83.7 
Weight of gas per lb. of fuel, Ib............ 19.37 16.9 16.83 
Boiler pressure, gage, lb. per sq. in......... 170 172 178 
Superheat, deg. .!..5.5:5 isenry cate nieeeteiara eater 24 32 45 
Moisture in steam leaving boiler, per cent... 0.65 0.62 0.62 
Drafts and air pressures (inches of water): 
Furnac@ints..s10'... seen: Pees: Se SB + 0.29 +0.19 +1.28 
Below isuperheater:e..- so ies see — 0.08 — 0.09 — 0.05 
Below, @iri heater. etree... wet ae nee — 0.11 —0.11 — 0.09 
Base: olcstaelir. dy Seb ies tercosre eevee. hears Ge — 0.14 —0.14 — 0.11 
Gas temperatures (deg. fahr.): 
heaving boiler wraupies suai bane cree hoe 533 597 665 
Leaving ysuperhentoralerccus sees ccheeree 470 512 571 
Leavingiair heatere occa coun: san oes 341 385 428 
Total water ted: to: boiler; 1b... ne... 02 oes 97,653 56,574 88,130 
Feedwater temperature, deg. fahr........... 188 218 206 
Equivalent evaporated steam from boiler, lb. 
per hr. per sq. ft. of heating surface.... 4.29 6.72 10.10 
Actual evaporation, lb. per lb. of oil fired... 14.57 14.91 14.47 
Efficiency of boiler without superheater, per 
CONG ees she pigtcde alse seer ives Rae ere 82.80 81.80 80.73 


Heat balance: 
Heat absorbed by boiler and super- 


heaterseper center .icn 7.6 weemierecchaiens 84.6 83.8 83.5 
Loss due to moisture in fuel, per cent. . 0 0 0 
Loss due to burning hydrogen in fuel, 

PEPHCONE 0. cee eee Se ee eae 6.0 5.6 6.0 
Loss due to heat carried away in dry gas, 

pet cont.). 70 Byes declare ee ee 3.8 3.9 4.4 
Loss due to CO, per cent............. 0.2 0 (0) 
Loss in unconsumed oil and unaccounted 

forst per’ Gem, Peta: wal dutade ce a orcnes 5.4 6.7 Gel 

Heat in fuel as fired, per cent..:.... 100.0 100.0 100.0 


fire. The boiler was fitted with a Foster waste-heat superheater 
having 774 sq. ft. of heating surface, this being placed within 
the gas pass above the smokebox. Above this superheater was an 
air heater having 1220 sq. ft. of heating surface which heated the 
air supply to the Howden fronts when running forced draft. Fig. 1 
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shows the general arrangement of the boiler and F ig. 2 that of 
the superheater. 

7 Tests were divided into four distinct groups, namely, hand- 
fired coal, pulverized coal, forced-draft oil fire, and induced-draft 


TABLE 3 FUEL-OIL TESTS OF SCOTCH MARINE BOILER — NATURAL- 
DRAFT REGISTERS 


(Boiler same as used in tests of Table 2) 


estenumbers rs coger se be ea 97 94 67 79 
DOUY AMON ge Diet eae cece sn aye ee 3.00 2.498 3.203 2.981 
Combustion space, cu. ft............. 560 560 561 564 
Potalefnel “HvEd 5D obs ake rc. tle Savoie 2111 2868 4408 4625 
Fuel per burner per hr., Ib........... 235 383 459 517 
Fuel per hr. per sq. ft. of heating sur- 
(oh Ati Saige Bete Te Ss Ce 0.233 0.380 0.455 0.513 
Analysis of oil as fired: 
Moisturemper, Cente). b wo.rd «is. -f-1- 0 0.1 Ole 0 
Sediment, per cent.............. trace trace trace trace 
Hydrogen, per cent... 0.2... 55: 11.37 Tal aes 11.34 11.78 
Carbon Der CeDb ari. dics Fico 40 aks 84.08 83.82 83.60 83.98 
Sulphur, per cent............... 4.0 3.9 3.5 3.8 
Gravitysr Giant... Tk attcciaip 15.4 15.4 15.4 15.4 
Specwic gravityee, .-c.. aes se 0.963 0.963 0.963 0.963 
Flash point, deg. fahr........... 166 166 166 166 
Burning point, deg. fahr......... 254 254 254 254 
Heating value, B.t.u. per lb...... 18,382 18,418 18,248 18,459 
Flue-gas analysis: 
COs per ‘cent. 2 ei ean RATE. 12.8 13.06 12.2 11.98 
OrsipercenGs ices 2 eee kes 3.3 3.0 4.4 4.4 
COB perectentat wee oe ee 0.03 0.17 0.01 0.06 
BNF ved ofc) 24672) 1] eR ic a RO ae 84.87 83.77 83.39 83.56 
Weight of gas per lb. of fuel, lb...... 16.48 15.95 17.19 17.49 
Boiler pressure, gage, lb. per sq. in. .. 172 174 172 168 
Saperheat, egivgak Frc Soe Sind sasls + Oho 14 28 33 
Moisture in steam leaving boiler, per 
GOMER THER US Cerio seeiosinle ¢ 0.62 0.64 0.62 0.47 
Drafts and air pressures (inches of water) 
Purnacey ns scot 2 ae eee ee —0.14 — 0.22 — 0.31 — 0.64 
Below superheater............... — 0.15 — 0.25 — 0.48 — 0.78 
IB AsOMOE StACKnt 6 460 tatu tas iene so 0s — 0.15 — 0.31 — 0.57 — 0.84 
Gas temperatures (deg. fahr.): 
Reavitie Doiler. tat. fio lees sleeves 448 525 589 548 
Leaving superheater............. 420 473 503 490 
Total water fed to boiler, lb......... 32,276 41,282 61,813 66,348 
Feedwater temperature, deg. fahr..... 232 212 191 212 


Equivalent evaporated steam from 
boiler, Ib. per hr. per sq. ft. of 


heating; surface. 4/25. Siw. sree : Se63 5.69 6.79 7.68 

Actual evaporation, lb. per lb. of oil 
NOC et tacit ae oon totevets teistole 15.29 14.39 14.02 14.35 
Efficiency ‘of boiler without super- 

Heater. per Cents... 6 win dads © 82.35 78.98 79.29 78.70 
Smoke, Ringlemann scale............ 1.5 1.75 1.5 2.5 
Heat balance: ; 

Heat absorbed by boiler and 

superheater, per cent........- 82.9 80.2 4 Stet 80.6 

Loss due to moisture in fuel, per 

COL Sy ee Wee tec REECE NIRS AERP ERD 0 0 0 0 
Loss due to burning hydrogen in 
Pies per, Cente sstaeeti olor ,s a Sa, bn7, 6.0 Cre 
Loss due to heat carried away in 
dry gas, per cent........... iad 8.4 9.6 9.4 
Loss due to CO, per cent....... 0.1 0.6 0 0.2 
Loss in unconsumed oil and un- 
accounted for, per cent...... 4.2 5.1 3.3 Oil 
Heat in fuel as fired, per cent.. 100.0 100.0 100.0 100.0 


oil fire. The pulverized-coal experiments were conducted to the 
point where it was demonstrated that this type of firing ‘is not 
feasible for marine service with the Scotch boiler, as the limited 
size and water-cooled feature of the furnaces and combustion 
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chambers prevented operating at ratings which were sufficiently 
high to meet the demand made by the average marine boiler piant. 

8 Four of the coal-burning tests which show typical results 
are given in Table 1. These tests are selected as representing 
results covering a combustion range of from. 13.07 lb. to 30.9 Ib. 
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of coal per hour per square foot of grate surface. It will be noted 
that the plant efficiency including boiler, superheater, and air 
heater ranges from 73.9 to 77.9 per cent. All of these tests were 
run under forced-draft operating conditions. 
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Fig. 4 Average COMBINED EFFICIENCY VALUES OBTAINED IN THE 
InpucED-Drarr TEstTs 


(1002.46 X Ib. oil per sq. ft. of heating surface = oil per burner.) 


9 The forced-draft oil-burning tests were conducted using Dahl, 
Schutte & Koerting, Coen, Todd, and Bethlehem Shipbuilding 
Corporation burners, all of these except the last named being used 
in conjunction with the Howden combined oil- and coal-burning 


front. 
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10 Table 2 gives the results for three representative tests of 
the forced-draft oil-fired series covering a range of from 0.276 to 
0.666 lb. of oil per hour per square foot of heating surface. It 
will be noted that the combined boiler, superheater and air heater 
efficiency ranges from 83.5 to 84.6 per cent. Fig. 3 gives the 
average efficiency values covering the entire series of foreed-draft 
oil-burning tests. 

11 The induced-draft tests were conducted with the Bethlehem 
Shipbuilding Corporation burner as well as with the Schutte & 
Koerting types ‘“‘L”’ (modified) and “N,’” the Coen, the Todd, and 
the Enco-burners. This latter burner was originated at the Phil- 
adelphia Navy Yard Fuel Oil Test Plant, and its adaptation for 
use in Scotch boiler service was developed during these tests. 

12 The ratings obtained in these induced-draft tests were limited 
by the amount of available draft as the height of stack above the 
center of furnace was only 40 ft., and this draft was augmented by 
a 3-in. steam nozzle. The combined effect of the stack and nozzle 
produced a 0.9-in. draft at the base of the stack. Table 3 gives 
the data of four representative tests covering a range of from 0.233 
to 0.513 lb. of oil per hour per square foot of heating surface and 
showing efficiencies ranging from 80.2 to 82.9 per cent. Fig. 4 gives 
the average efficiency values obtained from all of the tests of this 
class. 

13 In comparing Figs. 3 and 4, the fact must be kept in mind 
that the induced-draft tests did not have the help of the air 
heater in building up furnace efficiency. 

14 From the foregoing data it will be seen that the Scotch marine 
boiler is capable of efficiencies considerably in excess of the average 
operating values obtained, and it is, therefore, a matter of simple 
calculation to show what considerable fuel savings are possible 
when reasonable supervision is shown on the part of the operat- 
ing force. 


DISCUSSION 


Cuar.es D, Sueparp.! While the tests cited in Mr. Jefferson’s 
paper show very good results, there are several points wherein they 
differ from marine practice. 

One of the most noticeable things in the tests is the variation in 
the average feedwater temperatures, which ranged from 188 to 
212 deg. fahr., with one temperature of 232 deg. It is interesting 
to note that the highest boiler efficiency was obtained with the 
lowest average feedwater temperature used in any of the runs. 
Had a higher feedwater temperature been used in this run the 
boiler efficiency would undoubtedly have been higher, as by a rule 
of thumb a saving of one per cent in fuel is obtained for each in- 
crease of 10 deg. fahr. in the temperature of the feedwater. This is 
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one of the things about which marine engineers are particularly 
careful, and temperatures of from 220 to 230 deg. fahr. are the 
usual practice, and are obtained by having a back pressure of 
between 2 to 6 lb. gage on the auxiliary exhaust which is used to 
heat up the feedwater. Higher temperatures up to 240 deg. are 
sometimes used, but any temperature requiring an auxiliary ex- 
haust pressure of more than 10 lb. gage is not good practice. By 
carrying a high feedwater temperature there is a saving in fuel, 
and this temperature is easily read with a thermometer. The ad- 
justment of the valves to carry the proper auxiliary feed pressure 
for the desired feedwater temperature is readily made’and need 
not be changed ordinarily under constant working conditions. 

The introduction of flue-gas analysis has been slow in marine 
work, probably due to the idea that it is a complicated process. 
It also requires chemicals of known strength, which are not readily 
obtainable everywhere, and some of them are liable to deteriorate 
if not kept properly. It is true that flue-gas analysis requires a 
certain knack to obtain proper results, but given a few simple 
instructions, it would seem that marine engineers would quickly 
learn to make accurate readings. After using this method to learn 
what is going on in the furnace, and making the required changes 
in the operation of the boilers to suit such an analysis, a very real 
saving in fuel would result in a large number of cases. The use of 
automatic CO, and CO recording instruments has not been possible, 
due probably to the delicacy of the instruments, which are so 
devised that they can be used only for stationary work. 

Pyrometers are used in navy work to indicate the temperature 
of the gases as they leave the boiler. It seems that they would be 
equally valuable in merchant-marine work, and would afford the 
engineer some indication of how much heat is going up the stack 
and being wasted. 

The marine engineer is also handicapped by not having a definite 
means provided for measuring the amount of water fed to the 
boiler, and when using coal, for measuring the exact amount fired. 
Approximations may be used in both cases — for example, so many 
pounds of coal in a wheelbarrow — and with a well-made-up system 
of piping and no free escapes of steam the amount of make-up 
feed used is a fairly definite proportion of the water fed to the 
boilers. Also for a complete analysis of boiler conditions an instru- 
ment for determining the quality of the steam, if not superheated, 
would be required. 

A further important thing in marine work is the use of a calorim- 
eter for determining the fuel value of the coal or oil used. This 
would give the engineer an idea of the quality of the fuel he was 
using, and would also be of great value in its purchase. The recent 
high price of coal and its poor quality will undoubtedly hasten the 
use of a calorimeter for this work. 

Such items as keeping the boiler clean by opening at the proper 
intervals, blowing the tubes regularly, keeping the boiler water 
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slightly alkaline and not too salty, and all apparatus in good work- 
ing condition, are too well known to need any discussion. 

These, then, are the principal items in which it seems to the 
writer that this test differs from ordinary present merchant- 
marine practice. In addition he does not himself know of any case 
in marine work where the gases leaving the furnace are used to 
heat up the air fed to the boiler by means of an air heater sepa- 
rate from the boiler, as he understands was the case in this test 
installation; but of course this system is very valuable as far as 
the boiler efficiency is concerned. 


Tue Autuor. In regard to Mr. Shepard’s comments the author 
submits the following: 

Feedwater Temperature. All the efficiencies as listed in the 
heat balance of this test were determined from the equivalent 
evaporation figures which automatically take care of the feedwater 
temperature. 

The writer has found it common practice in marine service to 
operate with 15 lb. back pressure, and on several of our best per- 
formers we have gone still further and installed a second feed 
heater which utilizes the auxiliary exhaust from such auxiliaries 
as are run on full boiler pressure, these auxiliaries being run at 
35 lb. back pressure. The purpose of the second feed heater using 
the higher back pressure is to boost up the feed temperature to 
about 270 deg. This has resulted in increased economies as high 
as 7 per cent of steam for our turbine-driven ships where the 
auxiliary steam being taken away from the main condenser per- 
mitted higher vacuums to be obtained on the main unit and the 
increased boiler-feed temperature resulted in reduced maintenance 
charges. 

Flue-Gas Analysis. Mr. Shepard comments regarding the 
fact that the adoption of flue-gas analysis for the use of determining 
boiler efficiencies in marine practice has been somewhat slow. 
You are,advised that we have found this only too true, and it is 
to overcome such conditions as this that the Fuel Oil School has 
been started at the Philadelphia Navy Yard. It is proper to say, 
however, that while there were practically no Orsats in use in our 
fleet a year ago, now practically 50 per cent of the vessels are 
equipped with this instrument and the engineers are using them. 

Use of Pyrometers. The pyrometer has been installed for some 
time in merchant vessels, but in common with a great many other 
similar power-plant installations, proper regard has not been given 
to its location. In order to get really worth-while data for operat- 
ing purposes, it is necessary that the pyrometer be installed as 
close as possible to the point where the gases leave the boiler. 
This in the Scotch boiler really means, on a three-furnace job, 
three pyrometers. When the pyrometer is installed in the stack 
halfway up the fiddley, the temperatures observed are not trust- 
worthy for determining efficiency of operation as this temperature 
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is generally affected considerably by minor leakage through breach- 
ings and uptakes. 

Use of the Fuel Calorimeter, The author’s personal experience 
with the fuel calorimeter forces him to the conclusion that this is 
a laboratory instrument, and if used by inexperienced persons 
would lead to very erroneous conclusions. 

Use of Air Heaters. «Mr. Shepard states that he knows of no 
case where the gases leaving the furnaces are used to heat up the 
air fed to the boiler. This system of air heater was developed by 
James Howden a number of years ago and is in use on practically 
all Scotch boiler installations, as well as the majority of the large 
passenger vessels such as the Leviathan, etc. 


No. 1899 


THE INTEGRATING GATE: A DEVICE FOR 
GAGING IN OPEN CHANNELS 


By H. E. Doouttrin,! San Disqo, Cat. 
Non-Member 


The integrating gate is a device for measuring the flow of liquids in 
open channels which, it is claimed, avoids some of the disadvantages of 
present methods, such as the wetr, the rating flume, the venturi flume, etc. 
It consists of a freely swinging gate suspended in the channel and prac- 
tically closing it. The flow of liquid causes this gate to assume an angle 
from the vertical, which angle is an index of the flow. Sufficient experi- 
mentation has been done to show that the error and individuality of dif- 
ferent gates is small enough for practical purposes. The rating curve 
can be predetermined, and the loss of head through the gate is considerably 
less than in the weir or venturi flume. 


(THE common methods of gaging flow in open channels, includ- 

ing the weir, the rating flume, and the venturi flume, have 
certain disadvantages, among which may be mentioned accumu- 
lations of rubbish and silt which affect the relations of quantity 
and head, restriction of the flow channel, and lack of direct-reading 
qualities. 

2 The integrating gate, which is largely free from these objec- 
tions, consists of a rectangular plate hung from a horizontal axis 
at right angles to the direction of flow in such a manner that 
when no water is flowing the gate is vertical, practically filling the 
channel section. The water pushes the gate open slightly and 
flows under it (see Fig. 1). The angle between the plane of the 
gate and a vertical plane through its axis is a function of the 
quantity of water flowing. 

3 The advantages of such a device may be enumerated as 
follows: It is simple and inexpensive to construct, and simple in 
operation. It has but one working part, and should require little 
maintenance. It is sufficiently accurate to meet practical needs, 
and should be unaffected by silt as the velocity on the bottom of 


1 Draftsman, San Diego Consolidated Gas & Electric Co. 


Abstract of paper awarded A.S.M.E. Second Student Prize at the Annual 
Meeting, New York, N. Y., December 3 to 6, 1923, of Tum AmrERICAN 
Society oF MrcHanicaL ENGINEERS. 
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the channel. is greatly increased in the vicinity of the gate. It 
has less than half the loss of head of the corresponding weir or 
venturi flume. It has a wide range in discharge capacity. It 
is direct reading and can be equipped with a suitably calibrated 
scale to read in any units desired. 


LABORATORY EQUIPMENT AND PROCEDURE 


4 The arrangement of the laboratory in which the integrating 
gate was developed is shown in Fig. 2, and a drawing of the flume, 
gate, and tanks is given in Fig. 3. The apparatus used consisted of: 

a A deep-well pump and a 4-in. centrifugal pump, both pumping 
from a supply tank and giving a combined flow of about 2.9 sec-ft. 


Fie. 1 Gate No. 4, Posirion No. 2. Trap Orpen anp No Bacx 
Wave Forms. CLEARANCE LEAKAGE AT A NEGLIGIBLE 


b A smooth redwood channel 1.766 ft. by 0.91 ft. in cross-section 
and 23.4 ft. in overall length. Three vertical lath baffles at the 
intake end smoothed out waves from the pipes discharging into 
the channel, and a trap at the downstream end allowed the water 
to discharge either to the supply tank or to a measuring tank. 
A baffle board was placed across the channel about 1.5 ft. above 
the gate axis to smooth out surface ripples, and extended about 
4 in. below the surface of the water. 

ce A volumetric means of measuring flow, comprising a measur- 
ing tank calibrated to contain 1.524 cu. ft. per cm. rise as indicated 
by a hook gage graduated in centimeters, and an Equity watch 
for indicating the length of time of rise. 

d An integrating gate, consisting of a metal plate hung at 
right angles to the channel on two tool-steel pins $ by @ in. in 
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diameter, fitted into holes drilled in the edges of the plates and 
into the ends of supporting stud bolts carried on wooden sup- 
porting members. A clearance of about 2} in. was allowed between 
the gate and the perimeter of the channel. A pointer attached to 
the gate indicated on a quadrant reading to 15 minutes of are the 
departure of the gate from the vertical. 

5 The following quantities were measured: 

a Hook-gage readings, Ri and Re, in the measuring tank at the 


Fic. 2 SHowine GENERAL ARRANGEMENT OF APPARATUS 


A, B, and J, deen well pump 

B, 4-in. centrifugal pump : 

C, Intake of anew aheuriig 3 vertical lath baffle plates 

D, Integrating gate propped open. Position No. 2 

E, Hook gage of measuring tank No. 3 

F, The dotted line indicates the position of supply tank No. 4 beneath the wooden 


flooring. 


beginning and end of each run. These were read to the nearest 
0.05 cm. ail 

b Time, t: and f2, in minutes and seconds at the beginning and 
end of each run. The trap acted rapidly enough to permit time to 
be read to the nearest half-second. 

c The angle A of the gate as indicated by the pointer on the 
quadrant as follows: A; at the beginning of the run; A» after 
the water had been pumped back into the supply tank; A; at the 
end of the run with the measuring tank filled and the supply 
tank lower than at the beginning of the run. 
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d Amplitude of oscillations, dA, in minutes of arc, due to waves 
and irregularities of flow. 

e Depth of water in the channel, Hu, about 1 ft. upstream 
from the gate axis, as determined by a rule graduated to 0.01 ft., 
and read to the nearest 0.005 ft. H4 was measured at the begin- 
ning of a run. 

f Depth of water in the channel, C, about 7 ft. below the 
second position of the gate, measured when the trap was down 
and the water discharging into the measuring tank. This was 
found to be practically the same with the gate in position and 
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Fie. 4 Gate No. 2 


with the gate removed. C was measured by the same means as 
Ha. 

g Distance, EL, of back wave below gate from bottom edge of 
gate. Measured to the nearest 0.1 ft. 

h Angle of gate, Ag when Q = 0 when hanging by gravity, and 
A, with upstream face vertical, as determined by square and 
level. 

6 The gate was set in two different positions. The first was at 
a point 3.0 ft. and the second at a point 9.5 ft. upstream from the 
trap. The second position differed from the first in that a smooth, 
level iron plate on the bottom of the channel eliminated the effect 
of the warping of the wooden bottom in position No. 1, and the 
width of the channel was about 0.01 ft. less. The downstream 
velocities were less due to the increased length of channel below 
the gate, but the channel intake was considerably nearer, in- 
creasing the effect of eddy currents. 

7 Different weights of and slightly different sizes of gates 
were used as follows: 

Gate No.1. Same as gate No. 2 (see Fig. 4) with the weighting 
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plates removed. The gate was a somewhat rusty iron plate, ¢ in. 
thick with square milled edges. It weighed 23.9 lb., and had a 
computed static moment, M, about the axis of 14.05 lb-ft. The 
static moment as determined by supporting the edge on scales 
was 13.45 lb-ft. 

Gate No. 2. Same as gate No. 1, with weighting plates of ;',-in. 
galvanized iron attached. Combined thickness at bottom edge, 
1in. The weight of the downstream plate was 3.20 lb., and that 
of the upstream plate was 2.80 lb. The static moment (computed) 
was 21.80 lb-ft., and by experimental determination was 21.34 
lb-ft. 

Gate No. 3. Same as gate No. 4, with the weighting plates of 


Chanel Floor 
Fig. 5 Notation DraGRaAm 

gate No. 2 attached above axis to give the same static moment as 
gate No. 2. Counterbalances were as follows: 


Distance, axis to center 


oferavity witana. doe ae pene » 0,475 0.572 0.31 0.40 
Weight, Ibi. giths cases bee 2.80 3.20 1.55 0.60 
Moment lo-tt tn eigs ane ete ere 1.33 1.83 0.48 0.24 


The total combined static moment of gate No. 3 was 26.15 — 3.88 
= 22.27 lb-ft. Due to errors in computation, this value does 
not check as closely with the static moment of gate No. 2 as had 
been planned. 

Gate No. 4. Consisted of two pieces of ;%-in. black plate 
iron, bolted together so shown in the sectional elevation D-D, 
Fig. 3. The edges were left as they came from the power shear 
and were comparatively square. The surface was oiled to prevent 
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rusting and was very smooth. The gate weighed 36.60 lb., and 
the computed static moment was 26.15 lb-ft. 

8 A particular gate and a particular set of channel conditions 
constituted a setting. The settings used were as follows: 

Setting No. 1. Gate No. 1 in position No. 1. Channel level. 
One set of runs was made, the gate readjusted for clearance and 
alignment, the quadrant readjusted, and a second set of runs made 
to check the accuracy of the readjustments. 

Setting No. 2. Gate No. 1, position No. 1. Various slopes 
were obtained by tilting the entire channel. As it later became 
apparent that the best results were obtained with a zero slope 
under the gate, the data from this setting were not used. 

Setting No. 3. Gate No. 2, position No. 1. Although the 
average slope under the gate was zero, actual measurement by a 


TABLE 1 TABULATION OF DATA AND COMPUTATIONS 


Ai Ri a Q 
Run Az Az dA R2 te Ha, A sec- 
No. deg. deg. deg. cm. min. re. deg. ft. 


Sertine No. 1: Gate No. 1, Position No. 1, Channel Level. 


FIRST ADJUSTMENT 


1 1045 = Grav. 0 0 0 00 00 0 
10 55 Vert. 0 0 

2 5122 5045 45 60.00 36:30 0.730 40 06 2.845 
51 15 228.00 38:00 

3 4930 4807 30 44.00 11:00 0.695 38 53 82.455 
49 30 285.60 13:30 

4 4700 4645 45 11.45 6:45 0.650 36.06 2.110 
47 10 282.00 10:00 

5 4507 43°52 21.20, 35:15 0:610 33 34 «1.814 
45 07 275.00 38:45 

6 41650 41 22 38.00 42:30 0.550 30 40 1.448 
41 45 265.70 46:30 

7 4030 39 30 40.00 55:30 0.525 2903 1.286 
40 22 267.80 60:00 

35 15 3500 15 126.30 44:15 0.435 24 12° 0.857 
85 15 261.10 48:15 

9 2822 28 15 24.90 03:00 0.320 17°28 0.423 
- 124.70 09:00 

10 20 20 20 30 124.80 23:30 0.205 9 30 0.139 


2.5-ft. straight edge and carpenter’s level gave values of channel 
slope at various points which ranged from 0.005 ft. downstream 
to 0.003 ft. upstream in 2.5 ft. 

Setting No. 4. Gate No. 2, position No. 2. Channel slope 
zero under gate due to iron plate. Channel practically level above 

ate. 
: Setting No. 5. Gate No. 2, position No. 2. Channel slope zero 
under gate. Sine of angle of channel slope from point 2.5 ft. to 
8.5 ft. upstream from gate was 0.012. 

Setting No. 6. Gate No. 3, position No. 2. Channel slope 
zero both under and above gate. 

Setting No. 7. Gate No. 4, position No. 2. Channel slope 
zero both under and above wate. 

9 Table 1 is typical of the manner in which the data. of the 
various runs were tabulated. 
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SAMPLE COMPUTATIONS AND THEORETICAL FORMULAS 


10 Notation (see also Fig. 5): 


A = angle between gate and its initial vertical position, 
deg. and min. 

Ag= angle of the gate when Q=0, gate hanging by 
gravity 
A, = angle of the gate with its upstream face vertical 

A, = angle of gate as indicated by the pointer at the 
beginning of the run 

A» = angle of the gate after the water had been pumped 
back into the supply tank 

A; = angle of the gate at the end of the run, when the 

measuring tank was filled and the supply tank was 
lower than at the beginning of the run 

a = vertical projection of (I — Lz), ft. 

C = depth of water in channel 7 ft. below gate in posi- 
tion 2, ft., measured with trap down and water . 
discharging to measuring tank 

Cx=M (sin A)/M, where M, was determined from 
computed values of Ha 
Cyu=M (sin A)/M, where M, was determined from 
experimental values of Ha 
Ce = Q/Q 
D = width of channel, ft. 
d = width of gate, ft. 
dA = maximum oscillation of pointer, min. of arc 

E = distance of back wave from bottom edge of gate, ft. 

F = loss of head in a venturi flume, ft. 

G = total normal force of static head acting on upstream 
face of gate, lb. 

g = acceleration due to gravity . 

H = vertical distance of gate axis above channel floor, ft. 

h = head on center of orifice, ft. 

hy = height of opening under gate, ft. 

Ha = depth of water in channel about 1 ft. upstream 
from gate axis, ft. 

Hy = loss of head in a haces weir with tailwater 
level with crest 

In = distance from gate axis to intersection of water 
surface with center line of gate, ft. 

L, = distance from gate axis to lower edge, ft. 

L, = distance from gate axis to intersection of water 
surface with upstream surface of gate, ft. 

I; = distance from gate axis to upper edge of gate, ft. 

M = static moment of gate about its axis when A = 90 
deg., lb-ft. 

M, = moment about gate axis of static head on upstream 
face of gate, integrated over gate surface, ft-lb. 
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Q = flow through channel, sec-ft. 
Q’ = flow under gate, computed by orifice formula, sec-ft. 
Ri, Re = hook-gage readings at beginning and end of run, em. 
ti, f2 = time at beginning and end of run, sec. 
T = one-half thickness of bottom edge of gate, ft. 
Vi = velocity of approach, ft. per sec. 
y = distance from surface of water, along upstream face 


of gate, to center of pressure of static head, ft. 
11 Sample Computation of Angle ‘‘A”’: 


MA Age A oe oe [1] 


A; and A; are averaged together first, as they refer to the same 
conditions of flow. A» refers to minimum flow for the run and is 
averaged with the averages of A; and Ag, since a straight-line varia- 
tion of flow is assumed to occur from the beginning to the end of 
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Fig. 6 VARIATION OF DEPTH OF WATER Hy witTH ANGLE A 


the run. , A, differs from Ag by not over 10 min. of arc, due to 
pivoting holes not being exactly in the center of the edges of the 
gate. From Table 1, runs 1 and 2, A; = 51 deg. 22 min., A; = 
50 deg. 45 min., A; = 51 deg. 15 min., A, = 10 deg. 55 min. 


A = 3{(51° 22’ + 51° 15’) /2 + 51° 45’} — 10° 55’ = 40° 06’ 


12 Sample Computation of Quantity “Q.” Since 1.524 em. rise 
in measuring tank was equivalent to 1 cu. ft., 


Q = 1.524(R2— Ri)/(e-th) . . ... . [2] 


From Table 1, run 2, R: = 60.00 cm., R2 = 228.00 cm., tr = 36:30, 
t. = 38:00, and (t — t) = 90 sec., whence 


Q = 1.524(228.0 — 60.0)/90 = 2.845 cu. ft. per sec. 
13 Sample Computation of Static Moment “M”’: 
M = (Lp! — [p®)W/2(i+ 23) 2... 1... [3] 
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For gate No. 4, Fig. 3 gives LZ; = 1.661 ft., (Zi + Ls) = 1.893 ft., 
L; = 0.232 ft. W = weight of gate = 36.60 lb. 


M = {(1.6612 — 0.2322)36.60}/(2 x 1.8930) = 26.15 lb-ft. 


14 Relation of “H4”’ and Angle “A.”’ Given H4, M, may be 
computed by integrating over the submerged area of the gate 
the moment about the gate axis of the static head of the water 
acting on the upstream surface of the gate. M, may then be 
equated to M (sin A) by introducing a constant, and M (sin A) 
==. OM op) 


TABLE 2 VALUES OF Cm, Cg AND C FOR VARIOUS SETTINGS 


A Q Ha Cu Ca Ha Ck 
deg. sec- ft. ite (Com- 
(From (From puted) 


10 00 0.150 0.246 0.893 0.695 0.288 0.634 
12 00 0.205 0.281 0.889 0.670 0.305 0.736 
15 00 0.313 0.330 0.885 0.646 0.337 0.840 
20 00 0.583 0.420 0.855 0.641 0.420 0.855 
25 00 0.953 0.505 0.838 0.640 0.504 0.841 
30 00 1.448 0.591 0.845 0.638 0.585 0.869 
35 00 2.070 0.679 0.855 0.636 0.670 0.910 
38 00 2.515 0.730 0.894 0.644 0.735 0.871 
SETTING NO. 7 
10 00 0.143 0.266 0.936 
12 00 0.201 0.296 0.969 
15 00 0.319 0.350 0.919 
20 00 0.590 0.431 0.955 
25 00 0.977 0.519 0.957 
30 00 1.483 0.619 0.968 
35 00 2.125 % 0.708 0.914 
38 00 2.580 0.770 0.904 
SETTING NO. 1 
10 00 0.146 0.210 0.719 0.273 0.454 
12 00 0.202 0.245 0.692 0.280 0.563 
15 00 0.311 0.295 0.670 0.316 0.596 
20 00 0.568 0.379 0.650 0.387 0.641 
24 30 0.885 0.455 0.642 0.442 0.719 
28 00 1.190 0.512 0.637 0.501 0.726 
35 00 2.020 0.630 0.641 0.624 0.750 
38 00 2.460 0.681 0.648 0.687 0.722 


15 In Fig. 5, taking B as the origin, the distance to the center 
of pressure of the static head acting on the gate ds 


= $ (Ly — Ls) 


The total force of the static head acting on the gate and normal to 
it is 

G = d(L, — L2)(In cos A + a — Ly cos A)62.4/2 
The moment about the gate axis at O is 


My aed Fiy AF 15) 
= d(Iy — L2)(L, cos A + a — Ly cos A) (3L, — 3L + Ly) 62.4/2 
Ly = Ly ~ — 


cos A 
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My = (Ia — 1 Se aos, gil shs 
ie a) (n+ In) cos A 


62.4 
Seihese Ly ye 
( ee cos 3) 6 
and since Ip = (H — H4)/ cos A anda = T sin A, 
62.4d 
~ = Boos: a hi cos A- H+ Ha+T sin A)? 
‘a Win cos A ++ Hy = Tein AV ieee. [4] 
: 10.4dC 
M sin A = CyM, = aq Ha-H+Li cos A + T sin A)? 


xX (1 —Ha+ 21, cos A= sin A); . . 8] 


16 It would seem that a correction for velocity of approach 
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Fic. 7 VARIATION OF Cg AND Cy wiTH Q 


should be applied to H4. The velocity directly back of the gate 
and parallel to it is evidently very small, since adding a correction 
of V:°/2g to Ha increased M,, so that Cy departed much further 
from a constant than when this correction was omitted. 

17 Sample Computation of “Cy.” From an assumed angle A 
= 30 deg., and the data of setting No. 4, we have: sin A = 0.500; 
cos A = 0.866; cos? A = 0.750; M = 21.4 lb-ft.; Li = 1.662 ft.; 
T= 0.01 ft.; d= 1.752 ft.; H = 1.670 ft.; and from Fig. 6, 
Ha = 0.591. Substituting these values in Equation [6] we find 
a value of 

Cy = 21.4 X 0.500/12.78 = 0.845 


Values of Cy computed in the above manner are given in Table 2, 
while Fig. 7 gives values of Cy plotted against Q. 


THE INTEGRATING GATE 


250 


V @IONY @LV) HLIM 0) ALILNVOY JO NOILVINVA 8 ‘DIT 


e90uboqg uy; yp ejhuy e409 
Sy Ov ge 0¢ Se 02 g\ 0! Sor. 
e s — ofS) 

es ZL ie $0 
Ye Oo 
— WA < 
Wi ra 
VB xe 06 
rig 0 Vanes (0 eed (ee 
" \ Or \ + 
ot < 
foe as ® 
VA : 

4 YY 

fi Vie Slo 
9 “& & G/O2=-W Z a “ 98 fo) 
“« 0 Lo2c=W 9 « ue ® yi 
L) o « Pl/d=W Yo“ “ ° 5 
Wie a 6 GPS AW “ PUu0reg | ws “ ® Q 
é $I-F7 GF El =W puausnlpy 4s4sy ‘['0N BUIYAS 
£ 2409 buyposbapuy 40¢ 9eA4ND buipoy W-O a 
soa | One ° 
+ 

et . Sue 


oe 


H. E. DOOLITTLE 251 


18 Derivation of the Relation between “Q” and “H,.” Con- 
sider the flow under the gate as being produced by the square 
root of the head on the center of the opening under the gate. 
From the ordinary orifice formula, Q = 8.02 AVh. This formula 
is used as it gives more constant values for Co than does the pre- 
cise formula for rectangular orifices. Using this formula, and 
eae to Fig. 5, we find the head on the center of the orifice 
to be 


h=3{Ha+1I,cosA+a— - Ha} +5 
The area of the opening under the gate is 
Ag = {H — (In cos A+ a)}D, anda=T sin A 
hence the discharge is 
Q’ = 8.02D(H — 1, cos A — T sin A) { Ha 4(H — L; cos A 
¥e\4 
ik. ome Te 


The application of this formula may be seen by using the data in 
Par. 17, and taking D = 1.761, with Q = 1.448 sec-ft. (from Fig. 8). 
és = en = 1.148?/{(0.591)? (1.761)? 29} = 0.0308 ft 
29 ~ HatD2g7 * : ; g} = 0. : 
Substituting these values in Equation [6] we find Q’ = 2.27 sec-ft., 
and Cg = Q/Q’ = 1.448/2.27 = 0.638. Table 2 gives values of 
Cg computed in this manner, while Fig. 7 shows a curve of Ca 
plotted against Q. 
19 Relation between ‘‘Q” and Angle “A.” By solving Equa- 
tion [6] for H4 and introducing the constant Cg so that Q may be 
substituted for Q’, we have 


QQ? 
~ Cg?D*(8.02)?(H — L, cos A — T sin A)? 


— T sin A) + 


Ha 


2 
+ MH ~ Ia cos A — 7 sin A) — 5 adtalented [7] 


By solving first for H4 and then substituting this value in Equa- 
tion [6], the value of the constant may be found. Let Cy = Cx 
in this case. This gives the relation between Q and A by means of 
two equations and is of value from a theoretical standpoint in 
showing that Cx approximates a constant. The expression for 
Ha in Equation [7] might be substituted for H4 in Equation 
[6], from which, with the proper value of Cx, A or Q could be 
found by trial if either of them were given. This would make 
possible the predetermination of the Q-A curve for any design 
of gate, provided Cx is properly assumed. In actual operation 
Q would be read directly from a Q-A curve such as in Fig. 8. 
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20 Sample Computation of “Cx.’ Using the same data of 
setting No. 4 as for the computation of Cg, given in Par. 18, assume 
an average value of Cg = 0.64 as read from Fig. 7. Vi?/2g must 
be found by trial. In this case, however, the actual value of 
Ha taken from Fig. 6 may be used to compute it, giving Vi?2/2g 
= 0.0303 ft. as computed above. Substituting the numerical 
data in Equation [7] we find Hy, = 0.585 ft. Substitute this 
value for that of 0.591 as given for H, in the data for the computa- 
tion of Cy as in Par. 17, and proceed as in the computation of 


i 

i Oo Cy Beding No.!. M= 1345 Lb-Ft. 
a) Cy ” "4 M= 2/4 woo” 
"7 M= 2615 m+ 
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Values of Cx 
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Fig. 9 VARIATION OF Cx WITH Q 


Cx, obtaining Cx = 21.4 x 0,500/12.41 = 0.869. Table 2 gives 
values of Cx thus computed, and Fig. 9 gives a plot of Cx against 
Q. 


DiscussIon or CuRVES AND RESULTS 


21 Accuracy of Adjustment and ‘‘Q-A” Rating Curves. The 
points plotted for the second adjustment of the gate, Fig. 8, fall 
on the curve drawn through the points plotted for the first adjust- 
ment. The average deviation of the plotted points from the 
curve is about 1.5 per cent, and the maximum deviation is 6.1 per 
cent. This curve would indicate that the adjustment of a gate 
with respect to bottom clearance, alignment, quadrant centering, 
and zero adjustment can be duplicated within at least one per 
cent, and that a rating curve should be correct to within from 0.5 
to 1.5 per cent for a given setting. 

22 The Q-A rating curve becomes approximately a straight 
line on log paper. Over the working range of from 0.5 to 2.8 
sec-ft. the curve is a straight line on log paper, with a slope of 
14.45/6.88 = 2.26 for setting No. 4. (See Fig. 10.) 
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23 Effect of Changing Static Moment ‘“M.” Fig. 8 shows rating 
curves for different values of M. For the same value of A, as M 
increases @ becomes larger. Other factors being constant, the 
greater the value of M the greater the back-wave clearance, and 
vice versa. For standardization it is important that the back 
wave always remains about 0.2 ft. below the gate (see Fig. 5), 
since the relation of Q to A changes when the wave reaches the 
gate. All data were taken with the back wave clearing the gate 
at least 0.15 ft. 

24 Values of Cx for different values of M are plotted in Fig. 11, 
which shows Cx to be practically a straight-line function of M. 


TABLE 3 LOSS OF HEAD IN THE INTEGRATING GATE 


Gitkc a 
Q c MMe ms Sco Ofte A pp HAW C 


0.5 0.254 0.398 0.144 
1.0 0.375 0.520 0.145 
2.0 0.551 0.685 0.134 
2.8 0.665 0.780 0.115 


282 0.173 0.832 ts ale 

565 0.271 0.535 0.18 0.801 
130 0.424 0.316 0.33 0.406 
58 0.571 0.202 0.50 0.230 
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The values of this curve were determined from Fig. 9 for Q = 1.6 
sec-ft., and are considered average values over the working range. 

25 Individuality of Gates. To insure the possibility of dupli- 
cating the Q-A rating curve with another design of gate, gate 
No. 3 was designed to have the same static moment as gate No. 2, 
although it actually was 4.35 per cent greater than gate No. 2. 
Fig. 8 shows the rating curves of these two gates determined in 
settings 4 and 6. The maximum difference between these rating 
curves over the working range is about two per cent. Hence it is 
possible to duplicate the rating curve with a different gate within 
practical limits of error. 

26 Individuality of Positions. Rating curves for settings 3 
and 4 are given in Fig. 10. The maximum difference between 
these curves is at about 0.5 sec-ft. and amounts to 4.5 per cent, 
dropping to about 2.5 per cent at 2.7 sec-ft., and giving an average 
difference of about 3.5 per cent over the working range. A por- 
tion of this discrepancy can be explained. About half of it is 
due to increased clearance under the gate, and some to difference 
in channel width and to differences in gate adjustment. The 
total error due to individuality of setting is about one per cent. 
It may be safely assumed that with careful construction, the 
individuality of setting will not exceed two per cent. 

27 The downstream conditions were practically the same in 
each position, since the back wave always remained at least 0.15 
ft. from the lower edge of the gate, which was determined to be 
the essential condition. Changing the velocity below the gate 
made no difference so long as the back wave maintained’ this 
minimum distance from the lower edge of the gate. 

28 Effect of Channel Slope Upstream. The maximum difference 
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in rating curves with the channel level and with a slope of 0.012 
was about 1.5 per cent. Hence this device is so insensitive to 
variations in channel slope that it may be used over a considerable | 
range of slope without error. 


29 Effect of Baffle Board. The baffle board was uniformly placed 
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1.5 ft. upstream from the gate axis and extending below the sur- 
face of the water about 3}in. At Q = 2.4 sec-ft., removing the 
baffle board increased A about 7 min. of arc. As A decreased, the 
effect of the baffle board decreased. The tendency of the pointer 
to vibrate was reduced about 50 per cent with the baffle board in 
place, increasing the accuracy of the readings. 
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30 Loss of Head. The loss of head for the integrating gate is 
(H4 —C), where H4 and C are the depths of water above and 
below the gate, respectively. C is measured below the back wave. 
H, is the head required for a suppressed weir discharging the same 
quantity per foot of crest as the gate per foot of channel width. 
This was determined from a log diagram of discharge per foot of 
crest given on page 213 of Hughes and Safford’s Hydraulics, 
from which the head due to the velocity of approach was sub- 
tracted. F is the loss of head in a venturi flume of 1 ft. throat, 
having the same discharge per foot of its 3-ft. channel as the in- 
tegrating gate. Q/1.77 is the quantity per foot of channel width 
flowing through the gate. Table 3 gives values of (H4 — C)/Hu, 
the ratio of loss of head in the gate to that in a suppressed weir, 
and of (H4 — C)/F, the ratio of loss of head in the gate to that 
in a venturi flume. The values of F were taken from Fig. 4, page 
18 of Bulletin 265, Feb., 1921, of the Agricultural Experiment 
Station of the Colorado Agricultural College. Fig. 11 shows 
(Ha —C)/Hy» and (H4—(C)/F plotted against Q per foot of 
channel width. 

STANDARD CONDITIONS 


31 For agreement of results, settings should be standardized. 
The following standard conditions are suggested from a study of 
the various settings. 

32 Downstream Conditions. A velocity should be maintained 
under the gate sufficient to prevent the back wave coming closer 
than about 0.2 ft. to the bottom edge of the gate. 

33 Upstream Conditions. The channel floor should be main- 
tained smooth and level at least 2.5 ft. above and below the gate 
axis, by using a 3%;-in. metal plate for the floor of the channel. 
Use no baffle board. Channel intake should be at least 15 ft. 
above gate. Channel slope should be determined, and rating 
curve for that slope used. 

34 Gate Design and Setting. The gate should be made suffi- 
‘ciently stiff to prevent warping or buckling, should have square 
edges and a smooth plane surface on the upstream face, which 
should be parallel to a plane passing through the gate axis and 
its center of gravity. Thickness at bottom edge, (27) = 1 in.; side 
clearance, (D — d) = 0.01 ft.; bottom clearance, (H — L;) = 0.01 
ft. Values of H and the bottom clearance should be measured to 
the nearest 0.0005 ft. Adjustment of H and the bottom clearance 
should be provided by a slow-motion worm under the bolts holding 
the pivot pins, which should be of tool steel. The axis should be 
level and perpendicular to the center line of the channel. Stand- 
ard values for H and d should be adopted. The correct values of 
these dimensions for gates of different capacities can be deter- 
mined only by further experiment. 
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THE ENGINEER: HIS ABILITIES AND 
HIS PUBLIC OBLIGATIONS 


By JoHn Lyte Harrineton, Kansas Criry, Mo. 
President of the Society 


NGINEERS have existed in all ages and civilizations as 
their works abundantly disclose, but until very recent 
times engineering was an art rather than a science, and en- 
gineers were considered superior artizans, rarely deemed worthy 
of note by the writers of history. They belonged to a class 
inferior to the warrior king and his nobles, the priest, the 
lawyer and the physician, all of whom figure materially in the 
records. In considerable measure engineers are still looked upon 
and still regard themselves as glorified mechanics. Many still 
rise by self-education from the ranks of the artizans to high 
place in the profession. In a recent address to The Institution 
of Civil Engineers one of its eminent members said: “ Engineers 
. . . have, most of them, owing to the very wise system of their 
training, had experience in manual work, have worked side by 
side with men who are now merely wage earners.” Though for 
more than fifty years engineers in increasing numbers have been 
graduated by schools of the highest standing, though their scho- 
lastic training is quite as long and severe as that required for 
the other learned professions, something of the old view of the 
profession still remains in the public mind. It requires cen- 
turies to change a commonly held view, to break down long- 
established prejudices, but sometimes a cataclysm hastens the 
process. The great war was such a cataclysm, for it brought 
home to the public in spectacular manner the fact that modern 
warfare rests squarely upon industry, and both upon engineer- 
ing; therefore it materially raised the profession in public 
esteem. 

Yet there is something lacking. Engineers find it necessary to 
insist upon the fundamental character of their profession, to 
point out and to discuss its essential qualities, to call attention 
to the sound training required in preparation for it; then, to 
deplore its lack of recognition, its inadequate rewards in money, 
place, and honor, and to argue the means of obtaining them. 
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6, 1923, of Taz Amrrican Socipty oF MecHaNiIcaL ENGINEERS. 


257 


258 THE ENGINEER: HIS ABILITIES AND HIS PUBLIC OBLIGATIONS 


They resent the views so often expressed or implied that the 
engineer is hardly a scientist, is at most a technician, useful in 
a narrow sphere but of small value in the important fields of 
business, finance, and government. In the public mind he is 
still commonly pictured in khaki, high boots, and a broad- 
brimmed hat, bossing the job, a worker rather than a thinker. 
He has secured a foothold in the management of engineering 
enterprises, but grudgingly and not so generally as he believes 
to be his due. And while there are abundant examples, cited 
with pride, of engineers at the head of railroads and constructing 
and manufacturing enterprises, the number is still comparatively 
small. In general, the public does not feel certain of the en- 
gineer in such positions, does not quite expect to find him there. 
The financier rarely relies upon him in business, except as an 
officer of a corporation, where he is guided and supported by 
business men. It is believed that his knowledge of business and 
finance is inadequate for safety, that he is something of an 
optimist and a dreamer, unable to see the pitfalls in a project, 
unable to evaluate the business element of it, and therefore an 
unsafe guide for the investor of money. In government the 
engineer is entrusted with technical matters only, leaving busi- 
ness matters to business men and the dominating political mat- 
ters to politicians, who hear and sometimes heed the voice of 
the people, who consider the requirements and determine what 
is best from the broad, political point of view, untrammeled by 
the idealism, directness, and honesty of the engineer. 


THe NEED OF THE ENGINEER IN GOVERNMENT 


Our country is still governed by the military and legal pro- 
fessions, influenced somewhat by the business man. Every pres- 
ident, except Harding, has been a general or a lawyer, while the 
latter not only occupies his peculiar field, the judiciary, but 
dominates in the legislatures and in the executive branches of 
the Government. These facts have materially retarded the 
progress of political development, for the lawyer lives by prece- 
dent. His eyes are always upon the past. It results that we 
progress slowly, that order and rule are deemed more important 
than service and progress. The engineer with his constructive, 
creative, scientific mind is sorely needed. His preparation should 
be broadened so that he may deserve and receive the same 
public confidence in his human qualities and in his understand- 
ing of business and economic and political matters that is now 
given to his honesty of purpose and to his scientific knowledge. 
His ideals should be turned more away from himself and his 
immediate interests and should include appreciation of his obli- 
gations to give liberally of his talents, his time, and his energies 
to the broad service of his community and his country. He 
should come to understand that by codperating unselfishly with 
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his fellows, individually and through his technical societies, he 
is doing his most to advance the interests of his profession and 
of his country; that he is developing the high professional con- 
sciousness which will give his profession cohesion, weight, and 
influence in proportion to its potential deserts. 


SHORTCOMINGS OF THE PRESENT EDUCATIONAL System 


Engineers owe their profession and the country thorough con- 
sideration of the essentials of that education which will bring 
engineers to their fullest development; to education in the col- 
lateral subjects so essential to their broadest usefulness. They 
are fully aware that the future position of the engineer will be 
determined largely by the plan of engineering education; that 
the present technical education does not meet all requirements; 
and the investigation into the matter now about to be made 
should solve the problem and serve as an example for other 
investigations of far-reaching character. 

But engineers cannot stop there; since they play an increas- 
ingly important part in industry, since the welfare of the workers 
is largely in their keeping, it is their obligation to determine 
and to bring into use the type of education for workers most 
conducive to their usefulness to society and to themselves, and 
consequently to their greatest happiness and highest develop- 
ment. Our education was initially planned to be cultural only; 
the individual secured his vocational training by apprenticeship 
or by chance, and we continue, with trivial exception, to train 
all youth culturallv but to leave to fortune training for their 
economic place in life. We glorify mental labor and train away 
from work with the hands till Americans consider it degrading, 
socially inferior, and suitable only for the ignorant, the immi- 
grant, or those of low mentality. The trade unions restrict 
apprenticeships and the schools offer little education in the 
trades. Apparently it is expected that the native American, 
with his superior cultural education, will make his way by his 
wits without soiling his hands. He is barred by his false social 
ideals and by his lack of training from those profitable and 
honorable fields of industry which involve manual labor. Girls 
are so taught that they look down upon the man who works 
with his hands. Engineers know these conditions and know 
their detrimental effect upon men and upon the economic wel- 
fare of the country. It is their obligation to present the truth 
and to press for the reform of our educational system to con- 
form to it. They are not, in general, educators, but they know 
the need for educating men for industry and they should lead 
in the endeavor to secure it. The employer is not to be blamed 
if he demands that the door be opened to foreign labor when 
he finds it impossible to satisfy his requirements at home. We 
have seen the building trades throttled, our housing needs un- 
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satisfied, by the extravagant labor costs resulting from restric- 
tions in training and apprenticeship so severe that these crafts 
will almost die out with the present generation of workmen. 

Engineers are applied scientists, but they have been leaving to 
private interest or individual initiative the research work in 
their field. In very recent years they have set up some agencies 
which have begun to function, but their efforts have not always 
been so successful ‘that the ability of engineers in this line may 
be considered brilliant; neither have they demonstrated their 
ability to codperate with other research organizations not strictly 
engineering in character. It is all very well to assume that the 
engineer fully understands just how engineering research should 
be conducted, that he can do it better than any one else, but the 
correctness of these views is yet to be determined. The evi- 
dences are not all in the engineer’s favor. 


THe ENGINEER’s AID NEEDED BY THE HCONOMIST 


The engineer has created modern industry, has been re- 
sponsible for a production of goods that in this country is 
substantially sufficient, if other factors were in accord, to es- 
tablish the universal comfort and well-being that the race has 
sought since the beginning. But the engineer has been so intent 
upon devising means for production, upon improving quality of 
product, and upon managing the men and tools of production 
te secure the maximum results that he has failed to develop his 
ability and to establish his position in the other leading factors of 
life, to which he is entitled by virtue of his part in production 
and the resulting welfare. 

One of the greatest causes of unrest on the part of the 
worker lies in his lack of understanding of the value of the 
other factors necessary between the basic raw materials and the 
consumer of goods. The engineer, in his present position of 
impartial technician, ought to be the agency to determine what 
should be the difference between the cost of production and the 
cost to the consumer, of exposing the truth and righting the 
errors and abuses now existing, then of showing labor what: is 
its just portion. 

The whole business of the country may be likened to a sea on 
which there are extremely high and low tides at rare intervals; 
regular and moderate tides at frequent, definite intervals; long 
ground swells coming from distant disturbances; small waves 
often violent and destructive, resulting from local causes; but 
all clouded in mystery to any but the seawise. Capital and 
men flow from the less to the more profitable branches of in- 
dustry until the rush coming in from all sides brings over- 
production, stagnation, loss, and finally readjustment to the 
studied and understood needs. These shifts go on in every 
industry, consequently the balance is never complete, and some 
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industries are very prosperous while others are greatly depressed 
and the remainder range between. Business men have little 
faith in the engineer in business; but his scientific methods 
applied to those problems of business which are too complicated 
for the business man’s solution by judgment, should result in 
better understanding of the fluctuations in business and their 
causes, and finally in remedies which would greatly alleviate, if 
not cure, the fluctuations which cause panics and unemploy- 
ment. At this moment the most completely industrialized nation, 
with all its machinery of production intact, highly organized, 
amply financed, at peace, is unable to adjust itself to existing 
conditions; two millions of its workers are idle; more than a 
million and their dependents are scantly sustaining life on a 
dole taken by taxes from capital and the earnings of the em- 
pioyed. This nation will muddle through, but scientific prin- 
ciples applied with broad consideration of all factors shou!d 
prevent such a disastrous breakdown in industry. Countries, 
like men, sometimes find themselves unable to cope with unfore- 
seen factors, but generally the causes of depression are apparent 
after the fact, whereas scientific study should disclose them in 
advance and permit preventive rather than remedial measures 
te be applied. The engineer should turn his attention to these 
matters and aid economists to solve the vital problems. 


Tue ENGINEER AND TRANSPORTATION PROBLEMS 


The engineer has already established the fact that he and his 
methods can secure efficiency in industry and great reduction in 
the cost of production, and, since the railroads are no longer the 
football of speculating financiers, the engineer’s services are pro- 
ducing beneficial results in transportation. Much remains to 
be done in the means of transporting goods by water and rail, 
while the newly developed business of trucking and the hardly 
touched business of combining the truck with rail and water 
transportation has yet to be worked out. The combination of 
means and the proper adjustment of them to the need for low 
cost or for quick delivery or for both have still to be established. 
Means which should be supplemental are now more or less 
destructively opposed, and the engineer is sorely needed to 
bring about the economies of harmony. 

Water transportation, especially on our inland waterways, is 
ineffective, practically non-existent, because sentiment and com- 
mercial-club types of effort have prevailed instead of sound 
economic and egineering methods. The problem of inland water 
transportation lies largely in the handling of materials to and 
from vessels, purely an engineering problem, whereas public 
attention has commonly been directed toward depths of channel 
and establishment of boat lines to the neglect of terminal 


facilities. 
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The cost of doing business, that is, the taking of goods from 
the producer and delivering them to the consumer, is in many 
industries greatly out of proportion to the service rendered. 
The orchardist who purchases and prepares the land, plants, 
cultivates, trims, and cares for his trees for seven years before 
they come into production, then sprays, picks, packs, and mar- 
kets his fruit, is thoroughly convinced that the business of 
distribution is unwisely handled when he sees the consumer pay 
four to five times as much as he receives for his product. The 
apricot growers of California knew somebody blundered when 
they were paid $150 per ton for their fruit one year while the 
next they were without a market because the canners did not 
sell the previous year’s pack. In all such industries the entire 
risk is thrown upon the producer because he is less well organ- 
ized than the merchant, but the whole problem of marketing 
needs scientific study. 


Sorpntiric Fact FINDING THE ENGINEER’S PREROGATIVE 


The judgments regarding the ability of the market to receive 
and pay for goods are unscientific and too generally defective. 
We now have capacity for making automobile tires quite out of 
proportion to the need for them, of producing coal far in excess 
of the country’s requirements; we are producing wheat in much 
greater quantity than the markets of the world demand, and at 
many points industry is out of balance. There is no sound 
objective to the doctrine of laissez faire; it is probably unwise 
to try to curb the freedom of the initiative of the individual or 
of the corporation in honest business; but scientific fact finding, 
the engineer’s prerogative, employed before the venture is made, 
would save both capital and labor from disastrous results. The 
judgment of the business man could well be supported by the 
engineer’s science. 

Sound and scientific adjustment of industry, based upon 
knowledge of all the facts, would prevent the great diversity 
of reward among those engaged in fundamental industries. It 
is difficult for one of the unorganized laborers and tenant farmers 
of the South, who rarely receives in a year as much as $400 in 
money and goods and the rent of a poor house for the labor of 
himself and his family, to believe governmental agencies to 
which he contributes through taxes are justified in requiring the 
railroads to pay four times this sum to the average railroad 
worker of the same locality on the theory that it is essential 
to proper standards of living. If the Government were scien- 
tifically administered all facts would be available, and equity 
as between industries and localities would be reasonably well 
secured. 
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Tue ENGINEER AND PuBLic BUSINESS 


Engineers have not until recently disclosed an aptitude for 
public business and governmental matters. They have followed 
the habit of employees and devoted themselves to the interests 
of their individual employers. And with that lack of ability to 
cooperate with each other for which they have acquired an 
undesirable reputation, as evidenced by the multitude of their 
organizations as compared with those of other professions, they 
have only recently begun to employ their special talents in the 
public service. The investigation of the twelve-hour day disclosed 
the truth, and results naturally followed. The investigations and 
reports made by interested business men or disinterested senti- 
mentalists accomplished nothing, because they were biased and 
therefore not generally accepted; but the engineers’ report 
carried with it conviction of ability to determine and honstly 
to state the facts, hence it was promptly accepted and acted 
upon. 

It naturally follows from the engineer’s custom of dealing with 
the unalterable laws of nature that he generally presents the 
facts as he finds them. It is, of course, not uncommon for the 
engineer in subordinate positions to color the facts to suit his 
employer’s interest, but it is less common than in business or in 
other professions. It is the engineer’s habit to be fair between 
client and contractor, between buyer and seller, between em- 
ployer and employee, between capital and labor; and on account 
of this custom, born of his scientific methods and habits, he is 
better fitted than any other to bring capital and labor together 
on a sound basis and thus to stop the enormous waste their 
quarrels now cost. Management is by no means free from the 
mind of the feudal lord; and labor is too generally dominated 
by leaders who make a living out of making trouble, out of 
endeavoring to secure for labor more than its just share of the 
goods it’ helps to produce and, for labor in his particular 
industry, more than its just share of the total earnings of labor 
in all industry. Out of ignorance or cupidity, labor leaders too 
often distort the facts, while management at times, by secrecy 
or deceit, secures too great a share for capital. The result is 
distrust, unfair demands, strikes, lockouts, and loss to both 
parties and to the public. The facts set forth impartially after 
the methods of the engineer would greatly reduce if not elimi- 
nate these bad practices. 

It is not the purpose to argue that the engineer is the one 
logical man to perform all industrial functions, that he should 
entirely replace the lawyer as an adviser, that he should take 
over all the functions of the business man, that he should replace 
the financier, or that he should take over the functions of 
government, beyond the extent to which his place in industry 
and his peculiar fitness make wise; but it is imperative before 
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we proceed much further that the engineer perform his proper 
part and office in all these matters. 

Engineers in municipal government, which is chiefly engineer- 
ing and business, are demonstrating their worth. They come to 
the work with unusual equipment: technical knowledge, honesty 
of -purpose, the creative mind; but the world is reluctant to 
admit that they have the business and the political qualities 
essential to the work. It is usual to thank fortune that engi- 
neers are not politicians, to deprecate the services of politicians 
because they are too commonly spent for the politician instead 
of the public; but though a politician is usually one who is 
in politics for private advantage, he may be one skilled in 
political science and administration; and if the engineer be 
equipped in this latter sense also, he should be an ideal municipal 
public servant. 

In state and federal matters engineers have only recently 
ventured beyond their technical field. A whole administration 
of the Federal Government apparently subscribes to or at least 
acquiesces in the view that an engineer is not equipped to 
administer an engineering bureau or to conduct business affairs 
founded on engineering. It is true that this is politics of the 
questionable kind, but the lack of public confidence in the 
engineer’s business and administrative ability makes possible its 
success. No one is disturbed about it but the engineer. 

The United States developed in a century from an agricul- 
tural nation in which each household produced its own food and 
manufactured nearly all the goods necessary to satisfy its needs 
to a highly organized industrial nation producing goods of all 
kinds in quantity and at a price never before known, though 
wages in terms of money or goods or benefits are not equaled 
in any other country. The engineer has enabled the industries 
of this country to compete in the markets of the world with the 
handicraft nations with their vastly lower standards of living. 
We are too prone to congratulate ourselves on our progress, to 
be content as a whole people with the successes we have achieved, 
forgetting that in the warring of the groups or divisions of 
industry the individual, sometimes whole groups, frequently 
suffer; but there is always a material element of society which 
is too weak to hold its place; and in sacrificing it we are sacri- 
ficing the whole well-being of society. It is not a solution of 
the problem for the strong to halt long enough to give of their 
production to the weak: that is but a sop to man’s sense of 
responsibility for his brother; the strong are obligated to help the 
weak to help themselves, to curb the predatory, and to bring 
to a higher level the lowest standards of living. 

The engineer is a scientist trained in the application of the 
scientific method to all his problems, accustomed to determine 
and to be guided by the truth. It is his part to determine and 
present for the use and enlightenment of the public the whole 
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truth about the industry he has created. When _ business, 
through greed or ignorance, abuses industry, a clear exposition 
of the facts is the surest means of setting the matter right. 
When self-seeking politicians attack industry for their own 
benefit but to the injury of the industry and the country, it is the 
obligation of the engineer, individually and through his organiza- 
tions, to present the facts which will set the public mind 
straight. The energy to determine the truth and the courage 
to present it will go far toward curing the evil. 


THe ENGINEER PouiTicALLY WEAK 


In some cities we see organized engineers consulted and heeded 
in civic matters; in others we see them utterly ignored in the 
expenditure of public funds in works with which the engineer 
is particularly qualified to deal. Politically the engineer is weak 
because he rather expects his opinion regarding engineering 
matters to be accepted by the public and by politicians simply 
because his professional knowledge enables him to speak with 
assurance. He fails to appreciate that it is not enough to 
know, to be right, but that he must present his views with 
vigor and true political wisdom if they are to be adopted. 

Because the engineer rarely presses his view on the public or 
upon the business organizations with which he is associated, he 
likes to think he is modest. He likes to sit in the background 
till deference is shown to his superior technical knowledge by 
calling him into conference. Too often the reticence he con- 
siders modesty springs from lack of confidence in his ability to 
present his views convincingly; for he commonly knows that 
he is weak in forensic and political ability. Is it not possible 
that his modesty is really pride in his technical knowledge and 
fear that he is unable to enforce his views? 


Tue ENGINEERING PROFESSION INEFFECTIVELY ORGANIZED 


The engineer considers himself competent to organize certainly 
industry, possibly business and government, but he has not 
demonstrated the ability to organize most effectively his own 
professions. Instead of one comprehensive organization designed 
to deal with the social, the welfare, the professional, the re- 
search, the standardizing, and the public-service matters with 
which engineers are concerned, groups have formed many socie- 
ties busied principally with professional and social matters. 
Intolerance or lack of foresight or inability to get on with their 
fellows caused each group to seek opportunity for self-expression 
by forming a separate organization devoted to the particular, 
narrow interests of the group. The splitting-off process con- 
tinues and will continue unless the engineers awake to the harm 
it is doing. Engineers, more than any other group, find diffi- 
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culty in composing their differences, in harmonizing their efforts. 
The four great founder societies are learning to work together, 
somewhat as the result of the efforts of the great iron master, 
but harmony has come slowly, and not without jealousy and 
suspicion. The lesser groups are more or less ignored and some 
of the newer ones are materially antagonistic to the older 
organizations. The differentiation should never have taken 
place; the profession should have developed within one all- 
inclusive unit, which, by numbers, by its ability to speak for all 
engineers, as the Bar Association speaks for all lawyers, could 
exert the whole weight of the profession in industry and in 
public affairs. 

The profession is not yet entirely differentiated from the 
trades from which it arose. It is true that within fifty years 
great numbers have been graduated from our technical schools 
and been received into our engineering societies with that 
guarantee of their training, but so many competent men are 
still self-educated that our engineering societies provide for their 
admission to membership. The only assurance obtained re- 
garding the character of their professional training and regard- 
ing the fitness of all candidates for the higher grades of mem- 
bership, is the possible view of five members of the society, 
whose opinions may be more generous than sound. We have 
need for every grade of engineer and rightly have appropriate 
grades of memberships in our principal engineering societies. 
The British societies receive proportionately fewer university- 
trained men, hence they assure themselves of the candidate's 
fitness by requiring that he pass an examination into the 
sufficiency of his professional knowledge to warrant giving him 
the professional status membership confers. Engineering socie- 
ties in this country might well pursue a like course, so that 
membership in any grade will establish the professional status 
with a higher degree of assurance. 


LICENSING AND THE STATUS OF THE ENGINEERING PROFESSION 


Opinion is greatly divided regarding the advisibility of making 
engineering a closed profession, or fixing by legal license the 
professional status of every private practitioner and every en- 
gineer employed by others. The leading proponents of license 
laws advocate such meager requirements that the license may 
be had by any one calling himself an engineer. Many of the 
states which require engineers to be licensed make the tyro and 
the expert equal before the law, make the license meaningless and 
add to the present confusion in the minds of laymen. A few 
states require examinations and records that expose the real 
engineering status of the licensee. Engineers complain that un- 
qualified men assume the title, and often, through ignorance of 
the employer or design of public officials, attain the place of 
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qualified men to the distinct harm of the profession. It is 
established that the only way to prevent the unqualified from as- 
suming the name and claiming competence is by closing the pro- 
fession, as has been done in law and medicine; but it is argued, 
and with reason, that the creative mind is not an academic 
matter; that this will bar from service many good men whose 
natural ability and whose training in certain narrow lines fit them 
well for limited service. It is further argued that it is not practi- 
cable for a license to show the specific fields within which the 
licensee is entitled to practice. That is true in law and medicine, 
but no great difficulty flows from it in those professions. If li- 
censes are graded, much as the members of the founder societies 
are graded, if they show the principal divisions of engineering in 
which the licensee is authorized to practice, if they are granted 
only after suitable examination and are uniform in requirement 
and reciprocally accepted among the states, the license will im- 
prove the status of the profession without placing undue hardship 
upon its members. 

The profession must cleanse itself of bad practices. The 
fundamental principles of its ethics are well understood and 
clearly enunciated, but our codes offer limited control because 
they are administered, if at all, by committees of our societies 
who are loath to take on the functions of judge and executioner. 
Cases of infraction are rarely clear and unequivocal, and some 
kind of hearing or trial is essential to establishment of the facts. 
The injured party will rarely subject himself to the criticisms, 
annoyance, and loss of time this entails. It results that he 
complains privately but takes no steps to secure justice, and 
the violator of the code is encouraged to repeat the offense. If 
the trial body were better established and clearly performing a 
public duty, as would be the case if a licensing board formed 
the tribunal, the situation would be greatly improved, in so far 
as the flagrant abuses are concerned. 

The profession would, however, still have the difficult duty of 
purging itself of petty jealousies, of unfair or otherwise im- 
proper criticism. It is impossible entirely to suppress these 
evidences of the weakness of human kind, but by constant 
endeavor they can be greatly reduced, as they are in the older 
professions. Thorough attention in the schools to instruction in 
ethical standards, constant reiteration of them in the professional 
societies, will increase their observance and enhance the charac- 
ter and position of the profession. 


Encrngeers Must Appress THEMSELVES To ALL THE BROADER 
PrRoBLEMS oF INDUSTRY 


To gain the position in the business and financial fields to 
which the profession considers itself entitled, engineers must 
cease to deal so exclusively with technical problems and address 


268 THE ENGINEER: HIS ABILITIES AND HIS PUBLIC OBLIGATIONS 


themselves to all the broader problems of industry. The line 
between technical and business matters cannot be sharply drawn. 
The engineer has entered the field of management, and the 
rewards and the respect for his abilities are appearing. He 
must go further, and deal with the problems in sales, markets, 
and the financial structure of the industries in which he is en- 
gaged, and become a partner rather than a subordinate in the 
business. 

But in the broad study of industry as a whole as it affects the 
nation and the world the engineer should have an important part. 
He should contribute largely to the solution of the problems of 
the equalization of industry; of preventing inflations and de- 
pressions, for they are complementary; of encouraging develop- 
ment in lines in which competent investigation shows it will be 
rewarded; of retarding those lines which show a tendency to 
excessive development. This can best be done by a thorough 
analysis of the factors entering into the problem and publishing 
the results to the world. The profession should resolve itself 
into a fact-finding and publishing organization in all matters 
pertaining to the industry with which it is associated. 

Along with this, the profession through its individual members 
and through the codperative efforts of its organizations must 
deal with politics, for government has great influence upon 
business and industry. The engineer, individually, must do his 
full political duty, must bear the onus of standing for office, 
must enter the political contest as the members of other pro- 
fessions do, and must give freely of his time and special knowl- 
edge in the public interest. He must forget his modesty and 
fight for place and authority if he is to receive them and render 
service. 

And when the importance of the matter to industry or to the 
public welfare warrants, the whole weight of the organized pro- 
fession should be employed to secure wise administrative or 
legislative action. Engineers have as much obligation as any 
other group to urge the adoption of their views in matters of 
their particular knowledge and interest. The profession must 
seek to serve the nation thoroughly, unselfishly; must give freely 
of its means and of the time, energy, and knowledge of its 
leaders, who must be supported by the engineering organizations 
acting together for the common good. The profession must not 
wait to be invited into the councils of nations, but must make 
its opportunities and its place. Public service should be ren- 
dered with reasonable modesty, leaving to the fairness of the 
public mind recognition and appreciation of it. To do this it 
is essential that engineering organizations put aside pride and prej- 
udice and bury all differences in service. They may preserve their 
individuality in all matters of their particular interest, yet join 
without reservation in some acceptable plan in all matters of 
common concern, forgetting everything but that there is service 
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to be rendered and that the entire weight and talent of the 
profession can perform it to the best advantage of all. 

Engineering is a young profession and is still in a state of 
flux. It is not bound down to tradition nor to precedent, but 
has the virility of youth; the courage, the energy, and the 
orderly and creative mind essential to the solution of not only 
its own problems, but of all the great problems of the industrial 
world. Those problems are both technical and economic, and 
upon their satisfactory solution the prosperity and the peace of 
the world and the progress of the race depends. The responsi- 
bility is great, but we proceed with confidence that the profession 
will ably meet its obligations. 
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ANNUAL REPORT OF THE COUNCIL 
1922-1923 


HE Council presents herewith its report to the membership covering 
the presidential term of John Lyle Harrington, and containing the 
reports required by the Constitution upon the status of the Society. 


COUNCIL MEETINGS 


Six meetings of the Council have been held and six meetings of the 
Executive Committee in the intervals between Council meetings. 


COMMITTEES OF COUNCIL 


Reports of the Standing Committees of the Council are made a part 
of the Council records for the year and cover the detailed activities of these 
committees which have also been reported from month to month in 
Mechanical Engineering and the A.S.M.E. News. The committees are 
listed on pages viii-xii of this volume. 


FINANCES 


The audit of the books for the fiscal year and the report of the certified 
public accountants is made an appendix to this report. 

In connection with the study of the financial situation and the prepara- 
tion of the Budget for the year 1923-1924 is an investigation directed by 
the Council under a special Policy Committee, Dexter S. Kimball, Chair- 
man. This committee’s report was published in the A.S.M.H. News, 
November 7, 1923, and resulted in the Council’s presenting an amendment 
to the Constitution to increase the dues. At the Annual Business Meeting 
of the Society this amendment was ordered to be balloted upon by the 
membership. 


’ MEETINGS OF THE SOCIETY 


The Spring Meeting was held in Montreal, Canada, May 28-31, 1923, 
the Engineering Institute of Canada codperating. An attendance of 631 
members and guests was registered and 10 technical sessions were held. 

The Annual Meeting was held in New York, December 3-7, 1923, with 
a registration of 1852 members and guests; 18 technical sessions and over 
30 committee meetings were held. 

The Regional Meetings held in Chattanooga and Los Angeles are 
reported under Local Sections, the Meetings and Program Committee 
having jurisdiction over these meetings with the Local Sections. 


PUBLICATIONS 


The Society has published 12 monthly issues of Mechanical Engineering; 
24 semi-monthly issues of A.S.M.E. News, and Volumes 43 and 44 of the 
Transactions, containing 1334 pages and 1421 pages, respectively. . 

In order to complete the Society’s program of publications without 
exceeding financial limitations the Society furnished TRANSACTIONS in paper 
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bindings. The morocco binding was supplied at cost to such members as 
desired it. The Year Book was not issued in 1923. The Engineering Index 
Annual for 1922 includes over 16,500 items. Condensed Catalogues, the 
thirteenth annual edition, shows a gain over previous issues of 393 firms 
and includes the Mechanical Equipment Directory having over 30,000 
listings. 


MEMBERSHIP 
There have passed through the hands of the Membership Committee 


during the calendar year 1923, 2569 applications for membership or change 
of grade, of which 2312 have been approved by the Council, as follows: 


Mem beret! eit, M2. SRO ee es 499 
Promovions +o Wember eas. eis. nee teke te) einen eet ee 157 
ARSO6CIStESs . 1S. SERENA BUS GE OR ee 7 ee. Se 65 
Promotions to sAsSsOciatesctws «aise oe ears peter rane 0 
Associate-Members: moneGtatae «tee RO eee ae ee 557 
Promotions to Associate-Member................-.- 114 
Jun6rsee .44, Baw Soe, Naor. OV EE, At oes ee 920 

TO Gal dh.g, Pes ee ees eee aoe ee a eC ee 2,312 


Student Associates. Provision has been made for waiving dues of Student 
Associates for one year after graduation, the initiation fee only being re- 
quired. This new rule was issued by the Council after careful study and 
recommendation by the Committee on Relations with Colleges and the 
conference of Student-Branch delegates. The rule was adopted with the 
expectation that desirable members would join the Society from one to 
five years earlier than would otherwise be the case, and that the young 
engineer would be enabled to secure the influence of membership at a period 
when he needs it most. 

Table 1 on page 274 shows the status of membership covering the fiscal 
year Octoberl, 1922, through September 30, 1923. 

Memorial notes of members who have died during the year appear in 
the Transactions. Among the members lost by death is included our 
Past-President and Honorary Member, Robert Woolston Hunt. 


PROFESSIONAL DIVISIONS 


In their provision for the technical programs, both for local and general 
meetings, the Professional Divisions have been very active. 

Cooperation of the Ordnance Division with the War Department in the 
““Preparedness Program”’ is of special note. This program, by formal act 
of Congress, authorizes the preparation of adequate plans for mobilizing 
industry for war emergency; the Assistant Secretary of War is made 
responsible for the development of a suitable industrial organization. 

The Management Division held a second successful Management Week 
in October in codéperation with the Local Sections and with other manage- 
ment organizations. The Materials Handling Division produced a new 
formula for economics in materials-handling equipment. 


.LOCAL SECTIONS 


The Local Sections, now numbering 64 geographical groups, have been 
sponsors for two regional meetings, one at Los Angeles, Cal., April 16-18, 
and one at Chattanooga, Tenn., October 23-24. 

The second Annual Management Week, beginning October 25, was 
conducted under the auspices of the Local Sections, the Management 
Division, and several organizations codperating. The main topic was 
Methods of Measuring Management. About thirty management meetings 
were held throughout the country during this week. 
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CONSTITUTION AND BY-LAWS 


The revised Constitution and the Code of Ethics adopted by letter ballot 
of the membership, are made an appendix to this report. 

The adoption of the new Constitution very fittingly came in the term of 
President Harrington, who, as Chairman of the Committee on Consti- 
tution and By-Laws the previous year, directed the important work of 
preparation of the new document. 

The Committee, at the request of the Council, prepared and reviewed 
By-Laws and Rules covering details of the constitutional requirements. 
These all appear in the 1924 Year Book of the Society. 


AWARDS AND PRIZES 


The annual awards this year are: 

A.S.M.E. Medal for 1922 to Frederick A. Halsey, of New York, for his 
paper on the Premium System of Wage Payments, presented before the 
Society at its Providence Meeting in 1891, ‘‘which had a most profound 
effect toward harmonizing the relations of worker and employer.”’ 

A.S.M.E. Medal for 1923 to John R. Freeman, of Providence, R. I. 
Past-President of the Society, ‘‘in recognition of the eminent service he 
has rendered in fire-prevention work.” 

Junior Cash Prize to S.S. Sanford, of Detroit, Mich., as principal author 
of the paper on Elasticity of Pipe Threads, prepared jointly with Sabin 
Crocker. 

First Student Prize to Charles F. Olmstead, of Minneapolis, Minn., for 
his paper on Oil Burning for Domestic Heating. 

Second Student Prize to H. E. Doolittle, of San Diego, Cal., for his paper 
on The Integrating Gate. 

Life Membership to Prof. John Airey, of Ann Arbor, Mich., the prin- 
cipal author of the paper, appearing in Volume 43 of the Transactions, 
entitled On the Art of Milling; C. J. Oxford was co-author with Pro- 
fessor Airey. 


STUDENT ACTIVITIES 


Affiliated Student Branches are now conducted by 77 colleges. During 
the year these Student Branches have held approximately 350 meetings 
with about 4000 students enrolled; eight new Student Branches have been 
added. The holding of joint meetings with the Local Sections has been of 
unusual value in the development of Student Branches in such localities. 
Prominent members of the Society have been the speakers at these gather- 
ings and have been most generous in their support. 


LIBRARY 


The Library Board reports the number of registered users as about 
34,000, of whom 26,000 visited the reading room. Searches and transla- 
tions were made for over 300 persons and photoprints for approximately 
2500, covering over 22,000 photoprints. Information by mail was sent to 
some 5000 persons and by telephone to over 3000. The permanent catalog 
now contains 175,000 cards, indexing the material under some 25,000 
subjects. Over 80,000 volumes are now fully catalogued and the recata- 
loguing of the older works is being carried on very actively. The entire 
work of recataloguing, on which the Library has been greatly helped by the 
Carnegie Corporation, is now seven-eighths completed, 


POWER TEST AND SAFETY CODES, STANDARDS, AND RESEARCH 


Power Test Codes. The outstanding accomplishments during the year 
are (1) the publication of the Test Code for Hydraulic Power Plants and 


ANNUAL REPORT OF THE COUNCIL 


274 


‘AVISIOATU() PAVAIV] YB UO poLtwo Suroq st ‘suor}driosqns jerwods Aq 
peoteuy ‘equ, WeI}g oY} JO WOISUO}xA] OY} WO YIOM {uoyepUNo,T 
SUIIOOUISUG OY} AQ pojsIsse Woeq sey YolIBasoy s[eyoyA, SuLIBvO 
‘O0}}TULULOY) YOLwosoy, SUrIpuLyg ino 
fO UBULILY YY 94} St TouUNoD yorvosoy PwUONeN oy} 0} 90}u10dde 
STPUNOY) OL  “SUOISLAI(T [BUOISSejolg OY} YIM yno poytom woeq 
OSTR sBY JUOULESUBIIY ATOJOVISI}VS ALOA W ‘Spey osoyy ut SOT}OTOOS 
TOY}O JO FIOM OY} PUB [OUND Youlvosoy [VUONeN 94} pu uoTep 
“UNOT SUMOOUISUY oY} PITA JovzUOS OZUT oLOWN 4YSsNOIG Suleq oe 
SOMTATPOW OSOYM SO9}}TULUIOD YOIVOSO OUI OLB ALOYT, “YouDasaar 
‘S}USWOTY [OOT-ourpoeypy pue 
STOOL TTBS FO pUB ‘s1OJVA]TY JO WOLVezIpILepuL}g UO seeq}qTUMUOD 
[TEWOT}I9S OY} TOF Iosuods osye st AjJoro0g oy, ‘speemy, Surdnog 
“SOR OIL] JO Woreztpiwpueyzs pure ‘suroshg Surdig jo uornvoyuepy 
IO} opOD ‘suoryIodorg yoary puew Yn ‘4yJoq ‘SsUuI}ILY PUB sesuUepT 
edig ‘spvoryy, Moetog Jo uorjvoyiag pues uol}eztiprvpueyg (Aueur 
TO) PUB TOpeMs “UILIMI JVOIL) JO solpod Worjeziprepueys [eUOTeU 


oY} PUB SIOOUISUGT OATJOULOINYW Jo AJo100g ey YAIM pedojoaep Buteq 
10}48] OY}) Ssulmwog [Teg ‘suNjeyg ‘sureyH uorsstusuery, Jo UOTyeZI 
“PLBpUv}S GULIOAOD ‘oo}}IUIULOD SprepuLyg SuLeUIsUy WeoLoWYy 
oy} JO 9ANpoooad oy} Jopun uLey} 04 pousisse syooford oy} yo sy1ed 
[eyuBysqns peyo[duroo savy pue ‘YIOM 4e Used eAeY so04}1UIUTOD 
Ude}YsIy “ssotsoid [wot opvur sey AJOIN0g oY} 0} 4ses0}UT YOOITp 
JO WOTPVZIPAVPUB4S [BIYSNPUL PUL SULLOOUISUY “woUnzipunpun]y 
“‘S1O9ULSUO [BOTULEYO 
pus ‘ouLIvUr ‘TBoTIoeTo ‘[eoruBYyoour “[IATO JO SMOTJNYNSUI YsNIIg ped 
-pourid oy} Jo yy sIe Surjpussoidor UIejIlg Jeol) UL 90}4IULUIOD 4uLOr 
POZIUBSLO ATJUSIOI OY} YIM Jouyuod Jo yuouLYsTTqeIse oY} (¢) puB 
‘SOULSU UWOT}SNGuIoD-[eULoJUy ‘SOATJOULODOTT ‘s1OYwoFT sIOVVMpodT 
‘SIOMOTG PUB Siossoidwoy yuouooedsiq ‘sduing yuousoedsiq 
suleooidiooy ‘sieTlog wee}g AwUOT}eIg IO} sepog ysay, ‘sonteA 
pus suoryuged] Wo epor oy} jo szyeap Arvuruntjeid oy} jo Zur 
-yurid oy} (%) -Ut10; yorydued ur soursug weg ZUROOId Pex 107 
Spo) sea, pus ‘suoMnondysUy [Bleue UO epoy “Queudinby s10eyy, 


L6EL 986 686 LP9T 69 tL 6FT LOI 69 SE6LT 9699T Pe ilies eae bale STVLOT, 
365 aa Gos Say aoe oe On cies ten, aiken GG ein ee aisle "+ -seqeruty 
08% STL coh STL 2's g 68 Ze IP O8hE g9ze Pane eis Be OL) StoTUNG 
BSS IGP 691 See 13 i 8% 61 921 ZE6 O89 ae ak ne wears (ST) storune 
6% €9 FE 19 4 G las OL 8 €18 ag) cee soyeloossy 
168 SoG Pel S&P 06 9 1Z &% 8 iaGaz 8Z0F ‘TTL tits  sxequiey-oyetoossy 
90% 6S¢ ST eh 921 8g 3G e7 a 6E18 SELL eras en SIOQUIOTAT 
e— 3 i z og 7 he a SF GL LL aes SIOQUIOTA OJ] 
I T eee I eee =. eee eee ere 0% 61 OB Ol “*** *sloquleyjy ALeIOUOR 
03 wolf 

[20L urey SsOT poe}0I1Y polejsuviy, poiq peddoig poeusisoy poiejsuely, €Z6l ‘1 OQ ZZ6I ‘T y@) 
—---— s[v10 —— suolyippy —— — sesso’y — 

€c61-6261 — dIHMSUMANWAW AO SOLVLIS I WIAVL ; 


ANNUAL REPORT OF THE COUNCIL 210 


Massachusetts Institute of Technology, and the Bureau of Standards, and 
an understanding with officers of the Institution of Mechanical Engineers 
in connection with this research has been initiated. 

Notable progress has been made in work on Lubrication, Fluid Meters, 
Gears, Cutting and Forming of Metals, the latter research specially urged 
by the Machine Shop Practice Division. 

Safety Codes. Activity in this field has been confined principally to 
the Safety Code for Mechanical Power Transmission Apparatus and the 
Safety Code for Elevators. The organization meeting of the Safety Code 
for Compressed Air Machinery was held on May 23, 1923. This com- 
mittee now consists of 22 members representing 17 organizations. The 
Society has representation on fourteen other committees and there are 
in course of preparation safety codes for Abrasive Wheels, Aeronautics, 
Electric Power Control, Floor Openings, Railings and Toeboards, Ladders, 
Laundries, Lighting, Industrial Sanitation, Logging and Sawmill Ma- 
chinery, Machine Tools, Mechanical Refrigeration, Paper and Pulp Mills, 
and Power Presses. 


SERVICE TO THE PUBLIC AND INTERSOCIETY RELATIONS 


American Engineering Standards Committee completed its sixth year of 
service. This Committee was originated in 1918 to codrdinate the stand- 
ardization work of the national engineering societies. It does not initi- 
ate projects, but forms and administers policies for the carrying out of 
the work, while the actual work of securing agreement on standards falls 
to the sectional committees organized by national societies and asso- 
ciations who accept the sponsorship. Early in the year the committee 
reported 23 member bodies, 205 participating agencies with duly ac- 
credited representatives, and 917 individuals engaged in committee ac- 
tivities. 

Boiler Code. The interpretation service of the Boiler Code Committee 
to the public and the consulting work for the benefit of the Inspection 
Departments utilizing the rules of the A.S.M.E. Boiler Code, have grown 
in volume. The Committee has held nine meetings during the year, with 
several additional meetings of sub-committees. Of major importance has 
been the revision of the Heating Boiler Section and Power Boiler Section 
of the Code. 

Coéperation Committee of the Founder Societies. The American Society 
of Civil Engineers is not a member of the F.A.E.S. and coéperation between 
the four Founder Societies is secured through a newly organized Joint 
Coéperation Committee. The policy of codperation followed for many 
years past by the Founder Societies is to be fostered in the future through 
this joint committee, consisting of the four Presidents and the four Secre- 
taries who give preliminary consideration to the various problems, sug- 
gesting the policy to be followed in each case, and recommending a pro- 
cedure for carrying out these policies, using as far as practicable existing 
agencies. 

Employment Service Bureau. This service is under the jurisdiction of 
the four Founder Societies and has been recognized this year, making it a 
limited free service, available only to members of the four national en- 
gineering societies. The policy developed after most painstaking studies 
by joint committees and a special committee of the Council, will make 
the employment service partly self-supporting and, it is hoped, more 
successful. 

Engineering Foundation was established in 1914 by Ambrose Swasey, 
of Cleveland, Honorary Member and Past-President of the Society, ‘‘for 
the furtherance of research in science and in engineering, or for the ad- 
vancement in any other manner of the profession of engineering and the 
good of mankind.” The Society has two representatives appointed by the 
Council. Research Narratives have been published and distributed by 
the Foundation semi-monthly during the year. 
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Federated American Engineering Societies, now in its third year, has a 
membership of 29 national, state, and local societies. The A.S.M.E. has 
18 members on the American Engineering Council of the Federation. 

This organization has many accomplishments to its credit, but with 
the revision of the constitution and by-laws now under advisement, it will 
be better equipped to further the public welfare wherever technical knowl- 
edge and engineering experience are involved, and in all matters of common 
concern to the engineering profession. 

Some of the problems of national importance are: 

Coal Storage, undertaken with the approval of the U.S. Coal Commis- 
sion and covering a comprehensive treatment of the engineering, chemical, 
and economic phases of coal storage. There has been a free exchange of 
information regarding the coal requirements of important industrial dis- 
tricts and groups of industries. 

Reforestation: With the aim of directing the attention of engineers in 
particular and the public in general to the present serious situation due 
to national and state delays in passing constructive, workable, and non- 
political laws for afforestation and reforestation. 

The Twelve-Hour Shift: A committee having the Hon. Herbert Hoover 
as Chairman. This report with a personal foreword by the late President 
Warren Gamaliel Harding and the personal interest he took in the matter 
resulted in the elimination of the long-shift day from the iron and steel 
industries of the United States. 

The National Board of Jurisdictional Awards has been in existence since 
1919 and has arbitrated a great number of jurisdictional strikes, with a 
resulting decidedly beneficial influence in the building industries. 

John Fritz Medal award for 1923 will be made to Ambrose Swasey. 

Licensing of Engineers. A special committee appointed performed 
signal service in assisting the engineers of New York State at a critical time, 
when it was found that through misunderstandings of the law, many of 
our members had failed to obtain licenses on May 1, 1923, when the law 
became mandatory. The Committee was composed of Colonel Junkersfeld, 
Chairman, and Messrs. A. G. Pratt and John Milton Goodell. A can- 
vass was taken of the members in the state, and a request made to the 
Governor and the legislature, to postpone the date to August 1, was 
granted. 

The matter is now in the hands of the F.A.E.S. with the hope of securing 
uniformity of laws in the several states and a supervision that will protect 
engineers in the practice of their profession. 

National Research Council, Division of Engineering, in codperation with 
Engineering Foundation, was established in 1910 under the auspices of 
the National Academy of Sciences to encourage, initiate, organize, and 
coordinate fundamental and engineering research and to serve as a clearing 
house for research information in the field of engineering. We have two 
representatives appointed by the Council, with an additional representative 
appointed from the Engineering Foundation Board from our Society’s 
representation on that Board. 

Society for the Promotion of Engineering Education. John Lyle Harrington 
and Frank A. Scott were appointed to represent the Society on the Board 
of Investigation and Codérdination, which has obtained funds from the 
Carnegie Corporation to make a complete survey of engineering edu- 
cation. 

World Power Conference. Of international significance has been the 
invitation extended to the United States to be a participating country 
in the World Power Conference to be held in London in 1924 in connection 
with the British Empire Exposition. The several Government agencies, 
with the technical societies and other special engineering organizations, 
have organized the American Committee which includes four cabinet 
officers. The A.S.M.E. has three representatives on the American Com- 
mittee. 
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SOCIETY REPRESENTATION 


The Society has been represented in the following functions and con- 
ferences, the representatives named being appointed as Honorary Vice- 
Presidents: 

Pan-American Commercial Congress, Honolulu, Hawaii: S. N. Castle. 

Wellman Memorial Meeting, Cleveland, January: Ambrose Swasey, 
E. S. Carman. 

Ohio State University, Award of the Sullivan Medal: Ambrose Swasey 

Annual Dinner of A.I.E.E.: Prof. W. H. Kenerson, Vice-President 
representing President Harrington. 

Annual Dinner of A.I.M.E.: W. S. Finlay, Jr., Vice-President, rep- 
resenting President Harrington. 

American Wood Preservers Association: Society codperating through 
Forest Products Professional Division, ‘‘in steps that will increase 
the durability of wood products now used and encourage intelli- 
gent use of present timber as well as propagation of forests.’’ 

Associated General Contractors Association: Codperation through 
the Society’s Materials Handling Division and coéperation with 
A.E.S.C. whereby certain standardization work will be assigned 
to the A.S.M.E. Professional Division. 

American Association for the Advancement of Science: Associate, 
Dr. Alex. C. Humphreys, Past-President, with a special rep- 
resentative each year, depending on the place of meeting of the 
A.A.A.S. The meeting was held this year in Cincinnati, and 
Prof. B. E. Muncy was our special representative. 

General Committee on Standardization of Ship Construction: Organ- 
ized by the shipbuilding and marine interests of the U.S. at the 
suggestion of Hon. Herbert Hoover. Our representatives were 
J. W. Gray, Philadelphia, and H. H. Brown, New York, alternate. 

Seventh-fifth Anniversary of Société des Ing. Civils de France, Paris: 
Jesse M. Smith, Past-President, and Laurence V. Benet, Paris. 

One Hundred and Twenty-second Anniversary of Société d’Encourage- 
ment pour l]’Industrie Nationale, Paris: Laurence V. Benet. 

Twenty-seventh Annual Meeting of American Academy of Political and 
Social Science: Robert H. Fernald, J. W. Lieb, and Calvin W. Rice. 

Fifteenth Annual Conference of National Conference on City Planning: 
Baltimore, W. W. Varney. 

National Air Institute in St. Louis (Second Congress): Prof. 
E. P. Warner, Chairman of the Aeronautical Division. 

Massachusetts Institute of Technology, Inauguration of President 
Stratton: Ambrose Swasey, Past-President and Honorary Mem- 
ber, and Calvin W. Rice, Secretary. 

Institute of Architects, Fifty-sixth Annual Convention and Con- 
ferring of Institute’s Gold Medal on Henry Bacon, architect of 
the Lincoln Memorial: A. M. Holcombe. 

International Air Congress (London): Prof. E. P. Warner, Chairman 
of the Aeronautic Division. 

American Academy of Political and Social Science, conference on 
“The Government, The People and the Price of Coal’’: Fred R. 
Low, President-elect, H. V. Coes, and James W. Cox, Jr. 

Twenty-fifth anniversary of the Society of Mechanical Engineers of 
Japan, and the Thirtieth Anniversary of the Society of Naval 
Architects of Japan: Elmer A. Sperry. 

American Marine Congress: Spencer Miller and Hosea Webster. 

Other annual appointments are the Joseph A. Holmes Safety Association 
on which General Bixby of Washington has represented the Society for many 
years; the Washington Award of the Western Society of Engineers, Prof. 
Herbert §. Philbrick, to fill the vacancy caused by the expiration of the 
term of Charles F. Brush; and Washington University, St. Louis, Inaugu- 
ration of Chancellor Herbert Spencer Hadley: E. R. Fish, 
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CONCLUSION 


It has been aptly said that while the function of the Council must neces- 
sarily be the transaction of business for the Society, so that the Society 
may remain the educational agency for our profession, yet always we must 
endeavor wisely and generously to codperate with other associations, tend- 
ing to cement the bonds of brotherhood in the whole profession, and have 
the ideal of Service to our Country as our ultimate aim. 


APPENDIX NO. 1 


REPORT OF ACCOUNTANTS 


Wm. J. Struss & Co., certified public accountants, give the results of 
their examination of the books of the Society for the fiscal year ended 
September 30, 1923, in the following statements of assets and liabilities, 
and income and expenses. The total of the expenses includes $21,974.42 
not paid at the close of the fiscal year. 


BALANCE SHEET, SEPTEMBER 320, 1923 


ASSETS 


Society’s one-quarter interest in the Building, Land, 
and Real Estate Equipment (25 to 33 West 39th 


DSbLEet) cy cere ele creme Ot orae rials Me Lycee ee Soe en $486,792.79 
LibrarnyaBooks Fede sore chastise abe keane cies $ 13,000.00 
Burnittresandybixturessnce.cecemereee nano see 5,000 .00 

——- 18,000 .00 
Stores, including plates and finished publications... . 34,800.39 
Engineoring-Indexiaieuae. ta nee cables nen 10,000.00 
Trust Funds Investment 

TibertysBOnas acres someone ben hake aatattere 7,000 .00 

Lawyers Mortgage 5-1/2% Bonds.............. 41,000.00 

St. L., Peoria & N. W. lst 5% 1948 (Par $10,000) 10,613.89 

Cash in banks representing Trust Funds......... 1,718.63 

———- 60,332.52 
Liquid Assets 
IibertyeBondematis sac: ese at eee oe een ee See 18,000.00 
Accounts Receivable: 
Members’ Dues.......... $ 57,598.61 
Initiation eesi ss ek n tn 2,473.76 
Sales of publications, 
advertising, etc......... 114,954.15 
3 SS 175,026.52 
Cash in banks for general purposes.............. 7,271.68 
SSS 200,298.20 
AAVanceiPaymentsmane skint hfs ce eee eee te 52,216.55 


$862,440.45 


LIABILITIES 
Trust Funds 
Life Membership $47,263.05 
Library Development 4,902.71 
Weeks Legacy 1,957 .00 
Melville Medal... . 1,330.50 
Hunt Memorial 254.26 
Hess Junior Prize 1,000.00 
Hess Students Prize 1,000.00 
C. T. Main Award 2,625.00 


Total ’..mecen elaeere ceisia) tere dobsoences eas $ 60,332.52 
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Trust funds total, brought forward 
Notes Payable 


INCOME AND EXPENSES FOR THE TWELVE 


ENDED SEPTEMBER 30, 1923 


INCOME 

IMferm bors RIDE DUS irs prs ce ss ters cis aeacer es onsance dead 

1 oY RECO A hare ce EUR a ora a 

Umi Gi iiotemees nae trees os ne a OS weiss dn Cae we 
Advertising (Mechanical Engineering) ............ $141,164.13 
017.53 
Condensed Cataloguesiiis < Nei~ Dah. i cailee tte 79,425.90 
51,311.63 

Meetings Registration Fees............000e00e0ee 

TRAYS WR BN ONG S Scag oy epee ye ae hws cuboid Gc Fach ear 
males: —Mascellaneouse. . cas .csss. cbecoaees sce 7,649.73 
6,795.70 
males =— Puapacatons:. 6st bo sk.e terion ce so xs a oun 39,357.80 
34,335.96 

Sales — Transactions Binding Vol. 43............. 

Sales -— Transactions Binding Vol. 44............. 

OPA ote tie Peek tans are ee oe ete ee 

EXPENSES 
SAU St 2 Ta Peat he ge eee CR 5 ee e ESET Oalstey CR le Tae 2 ete ete $ 19,269.58 
Council. and ‘(Contingenties... . sof. 0.25 8en css ne ee 14,639 . 50 
Federated American Engineering Societies ......... 17,200.71 
Publications: 

Mechanical Engineering & A.S.M.E. News....... 81,688.70 
Transacc1ons —= VOls 435200 ai pialeloctnats sees slau nas 35,996.74 
RTARSR CHOU Sa OLS AA arcu! micyhanalap yal a (orn Werte 14,000 .00 
EGR COUIORIS eae ete ees acts cen Aa aie 47,629.47 
Society Development cn. - Sects ls perio oe males 4,132.28 
Membership Applications: sam te cis «bys = aiephejetee $d > 9,176.16 
Student Branches..... FO eee 3,017.06 
PEGtessOMNl DIVISIONS. 2s 2 eb sw rs ow ree a ae 8 4,012.19 
LATA MY IE ALIOM ars wate Mes geile oh gare aieie See Ws 7,492.94 
Power Test Codes 5,998.44 
1 SES TESA eo "0 Cage ann ein cee ae ES eI OP rae oe 7,665.92 
American Engineering Standards Committee ....... 1,500.00 
NomnetIne” Comittee. see Aietesalevedsls «oven ele ete alee ens 1,475.84 
Constitution and By-Laws, and Code of Ethics... . 1,683 .28 
(CRG b sie TCG OLN Skee aiai odin oak e an omen: 645.57 
ECACATCL I Ne Mien a esis tue reir etenns aoe 3,097 .25 
PNCEOUTE IIS oH & vi erect as eta ees eee Meech me none 11,507 . 64 
PNGLINGL TAT SeutiOTiceniey biomes etac ens stare cents eler iaceale ink 18,738.35 
LB (OSSD fe I IEE, Se ee EN aN ene 509 .90 
lene ou ae Sonede ete ainea-s Bete tee par ct aiatae ee d 9,974.99 
Employment Service Bureau .............-+.-: 203 4,180.36 
Rublicktyaseic® atthe nase Po chee ves <taeare aici pene 2,351.53 
WinscetanCOUS a cite egies een a aust Layee Oo) kd s igsccons 4,300.53 
ED UAE ta data cue e - freircieie vs) “ane ate were 8,003 .30 
Provision ror badudeptamnccers scar clan surttt i 25,015.61 


Excess of Income over Expenses........++-e+++5 
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$60,332. 
50,000. 
12,795. 
2,473. 
1,163. 
3,622. 
1,447. 
21,974. 
439. 
1,286. 
25,015. 
514,792. 
167,096. 


$862,440. 


MONTHS 


$230,183. 
5,447. 
33,076. 


63,646. 


854 


5,021. 
4,750. 
4,464. 


$381,442. 


$364,903 


$ 16,538. 


60 


.03 


84 


38 
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APPENDIX NO 2 


CONSTITUTION 


ARTICLE C1— NAME AND GOVERNMENT 


Secrion 1. The name of this Society is The American Society of 
Mechanical Engineers. 

Srction 2. The Society is a corporation, organized April 7, 1880, and 
chartered under the laws of the State of New York, December 23, 1881. 
A supplemental charter was issued on October 17, 1907, when the Society 
was consolidated with the Mechanical Engineers’ Library Association. 

The principal offices of the Society shall be in the City of New York. 

Section 3. The Society shall be governed by this Constitution, the 
By-Laws, and the Rules. 


ARTICLE C2— OBJECTS 


Section 1. The objects of this Society are to promote the art and science 
of mechanical engineering and the allied arts and sciences; to encourage 
original research; to foster engineering education; to advance the standards 
of engineering; to promote the intercourse of engineers among themselves 
and with allied technologists; and severally and in coéperation with other 
engineering and technical societies to broaden the usefulness of the 
engineering profession. 


ARTICLE C3 — MEMBERSHIP 


Srcrion 1. The membership shall consist of Honorary Members, Mem- 
bers, Associates, Associate-Members and Juniors. 

Srecrion 2. The rights and privileges of every member shall be personal 
to himself and shall not be transferable. 

Section 38. Each member shall be entitled to vote on any question 
before any meeting of the Society, or before the Society as a whole. 

Section 4. Every person admitted to membership shall be subject to 
the Constitution of the Society, and to any amendments that may be made 
from time to time. E 


ARTICLE C4 — QUALIFICATIONS FOR ADMISSION 


Srection 1. Members of all grades shall be elected by the Council. 

Section 2. An Honorary Member shall be a person of acknowledged 
professional eminence. 

Section 3. A Member shall be an engineer, at least thirty-two (32) 
years of age, who has been in the active practice of his profession, or who 
has fulfilled the duties of a professor of engineering in a college or school 
of accepted standing, for at least ten (10) years, and has been in responsible 
charge of important work for at least five (5) years, and is qualified to 
design as well as to direct engineering work. 

Graduation from a school of engineering of accepted standing shall be 
considered equivalent to two (2) years of active practice. 

Section 4. An Associate need not be an engineer, but must have had 
such responsible connection with some branch of engineering, science, the 
arts, or industries, that the Council will consider him qualified to coéperate 
with engineers in the advancement of professional knowledge, and he must 
be at least thirty (30) years of age. 

Section 5. An Associate-Member shall be an engineer, at least twenty- 
seven (27) years of age, who has been in the active practice of his profession, 
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or who has fulfilled the duties of a professor of engineering in a college or 
school of accepted standing, for at least six (6) years, and has been in re- 
sponsible charge of work for at least two (2) years. 

Graduation from a school of engineering of accepted standing shall be 
considered equivalent to two (2) years of active practice. 

Section 6. A Junior must have had such engineering experience as will 
enable him to fill a subordinate position in engineering work, or he must be 
a graduate of an engineering school of accepted standing. He must be at 
least twenty-one (21) years of age, and his connection with the Society 
shall cease when he becomes thirty (30) years of age unless he be previously 
transferred to another grade. 


ARTICLE C5 — FEES AND DUES 


SecTION 1. The initiation fee for membership in each grade shall be: 


INTC ag Ot merry eee cnet er eg ge eee ee ene am oe wis, $25 
NEC OD LEE PASTS eee EE OE OR rv pie gah 25 
INSROCINEC= VLCINISED ata ii eee gat kee thc Paty ar 25 
ANTSTT a eben ee eee h Pal eas ERS eae ake nes oe dena eae Re 10 
Promotion from Junior to a higher grade.............. 15 


Section 2. The annual dues for membership in each grade shall be: 


iM ACSF OH NEY Sali Ae RE ne PE ERNE a ari ele ee Sb hal i tet GB rar $15 
PENS OSU Cnr WA PR) cee Beta aA ae ca Ea Ce MMe ace a 15 
PASSO GIAGE = Ne TNOCT ati tora cn ae hu ar ced oor ae nce ene Rae Bee er 15 
Junior: 
for the first six (6) years of his membership asa Junior 10 
FPAAG Wil AY STICSTEN Bs RMS ee Et stony ee an peek aha Ane Aare 15 


Section 3. The Council may permit any Member, Associate or Asso- 
ciate-Member to become a Life-Member in the same grade, as provided in 
the By-Laws. 

Srction 4. The Council may remit the dues of any member for any 
special reason, as provided in the By-Laws. 


ARTICLE C6— NOMINATING COMMITTEES 


Secrion 1. The membership of the Society shall elect annually a 
Regular Nominating Committee, whose duty shall be to select candidates 
for the elective offices to be filled at each annual election, as provided in 
the By-Laws. 

Section 2. Other nominating committees having the same powers 
may be constituted by the membership of the Society, as provided in the 
By-Laws. 


ARTICLE C7 — DIRECTORS 


Section 1. The affairs of the Society shall be managed by a board of 
directors, chosen from its membership and styled ‘‘ The Council.” 

Section 2. The Directors of the Society shall consist of a President, 
six (6) Vice-Presidents, nine (9) Managers, the last five (5) surviving Past- 
Presidents, and a Treasurer. 

Section 3. The Directors shall be elected at the Annual Meeting of 
the Society, on the first Tuesday in December, as provided in the Charter. 

The election shall be by sealed letter-ballot of the membership, as detailed 
in the By-Laws. 

Section 4. The President shall be elected for one (1) year, the Vice- 
Presidents for two (2) years, the Managers for three (3) years, and the 
Treasurer for one (1) year. 

Section 5. The Officers of the Society shall consist of the President, 
the Vice-Presidents, and the Treasurer. 

Srction 6. The Directors may at any time, whenever sufficient cause 
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shall appear to them, delegate to any member of the Society the performance 
of any duties required by the Constitution to be performed by any Director 
or by the Secretary. 


ARTICLE C8 — COUNCIL 


Section 1. The Council shall have full control of the activities of the 
Society, subject to the limitations of the Constitution. 

Section 2. The Council shall have power to fill vacancies in its member- 
ship by appointment until the next election, as provided in the By-Laws, 
except that the office of President shall be filled by the Vice-President who 
is senior by age. 

Section 3. The number of members constituting a quorum of the 
Council shall be as determined in the By-Laws. 

Section 4. The Council shall present at the Annual Meeting of the 
Society a report verified by the President or Treasurer or by twelve (12) 
members of the Council, showing the whole amount of real and personal 
property owned by the Society, where located, and where and how in- 
vested, and the amount and nature of the property acquired during the 
year immediately preceding the date of the report, and the manner of the 
acquisition; the amount applied, appropriated or expended during the year 
immediately preceding such date, and the purpose, object or persons to or 
for which such applications, appropriations, or expenditures have been 
made; also the names and places of residence of the persons who have been 
admitted into membership in the Society during the year. 

The report shall be filed with the records of the Society, and an abstract 
shall be entered in the minutes of the proceedings of the Annual Meeting 
of the Society. 


ARTICLE C9— MEETINGS OF THE SOCIETY 


Sgection 1. The Annual Meeting of the Society shall be held at such 
time and place as the Ccuncil shall appoint, provided it begins in the City 
of New York and continues there during the annual election of Directors, 
held on the first Tuesday in December. 

Section 2. The Semi-Annual Meeting of the Society shall be held at 
such time and place as the Council shall appoint, as provided in the By-Laws. 

Srecrion 3. A Special Meeting of the Society may be called at any time 
and place at the discretion of the Council, or shall be called by the Council 
upon the written request of at least one (1) per cent of the membership. 

The call for the meeting shall be issued at least thirty (30) days prior to 
the date set for it, and shall state the business to be considered. No other 
business shall be transacted at the meeting. 

Section 4. The number of members constituting a quorum at any 
meeting of the Society shall be as determined in the By-Laws. 

Ssection 5. An action of a Meeting of the Society shall be deemed an 
action of the Society as a whole. Any expenditure required by such action 
is subject to approval and authorization by the Council. 


ARTICLE C10 — PROFESSIONAL DIVISIONS 


SEcTION 1. The Council may authorize the organization of Professional 
Divisions composed of members of any or all grades, which shall operate 
under the provisions of the Constitution, By-Laws and Rules. 


ARTICLE Cil— LOCAL SECTIONS 


P Srcrion 1. The Council may authorize the organization of Local Sec- 
tions composed of members of any or all grades, which shall operate under 
the provisions of the Constitution, By-Laws and Rules. 
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ARTICLE C1z— PUBLICATIONS AND PAPERS 


‘ Secrion 1. The papers and publications of the Society shall be issued 
in such manner as the Council may direct. 


ARTICLE C13 — SECRETARY 


Section 1. At its first meeting after the Annual Meeting of the Society 
the Council shall appoint a member of the Society to serve as Secretary 
for one (1) year. 

Section 2. The Secretary shall perform the duties usually pertaining to 
this office, in accordance with the By-Laws and Rules, and such further 
duties as may be required by the Council. 

Section 3. Any vacancy in the office of Secretary shall be filled by 
appointment by the Council. 


ARTICLE C14— FUNDS 


Section 1. The deposit, investment, and disbursement of all funds 
shall be subject to the direction of the Council. 


ARTICLE C15 — PROFESSIONAL PRACTICE 


Section 1. In all professional and business relations the members of 
the Society shall be governed by the Code of Ethics incorporated in the 
By-Laws. : 

Section 2. Any member who has violated the Constitution of the 
Society, or who is guilty of conduct rendering him unfit to remain a member, 
may be expelled by the vote of fifteen (15) members of the Council, after 
he has been given opportunity to be heard in his own defense. 

Section 3. The Society may approve or adopt any report, standard, 
code, formula, or recommended practice. 

Srecrion 4. The Society shall forbid and oppose the use of its name or 
initials in any commercial work or business, except to indicate conformity 
with its standards or recommended practices, in accordance with the 
By-Laws and Rules. 


ARTICLE C16 — AMENDMENTS 


Srcrron 1. At any Meeting of the Society, any person entitled to vote 
may propose in writing an amendment to this Constitution, provided that 
it shall beat the written endorsement of at least one (1) per cent of the 
membership. 

Such proposed amendment shall not be voted on for adoption at that 
meeting, but shall be opened to discussion and modification, and to a vote 
as to whether, in its original or modified form, it shall be mailed in printed 
form to the members of the Society for action. 

If the members present at the meeting, not less than twenty (20) voting 
in favor thereof, shall so decide, then the Secretary shall mail in printed 
form to each person entitled to vote, at least sixty (60) days previous to 
the next Meeting of the Society, a copy of the proposed amendment as so 
decided by said vote, accompanied by any comment the Council may 
elect to make. 

A ballot shall be sent with the proposed amendment, and the voting shall 
be by sealed letter-ballot, closing at noon of the twentieth (20th) day pre- 
ceding the Meeting of the Society following the mailing. 

The ballots shall be voted, canvassed and announced as provided in the 
By-Laws. : pA 

The adoption of the amendment shall be decided by a majority of the 


votes cast. ; : 
The Presiding Officer at the Meeting of the Society following the close 
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of the ballot shall announce the result, and if the amendment is adopted 
it shall thereupon take effect. 

Section 2. Any changes in the order or numbering of articles or sections 
of the Constitution required by an amendment shall be made under the 
direction of the Council. 

Section 3. This Constitution shall supersede all previous rules of the 
Society, and shall go into effect upon the adjournment of the Meeting of 
the Society at which the Presiding Officer announces its adoption.! 


CODE OF ETHICS 


Engineering work has become an increasingly important factor in the 
progress of civilization and in the welfare of the community. The Engineer- 
ing Profession is held responsible for the planning, construction, and opera- 
tion of such work, and is entitled to the position and authority which will 
enable it to discharge this responsibility and to render effective service 
to humanity. 

That the dignity of their chosen profession may be maintained, it is the 

_ duty of all engineers to conduct themselves according to the principles of 
the following Code of Ethics: 

1 The Engineer will carry on his professional work in a spirit of fairness 
to employees and contractors, fidelity to clients and employers, loyalty 
to his country, and devotion to high ideals of courtesy and personal honor. 

2 He will refrain from associating himself with, or allowing the use of 
his name by, an enterprise of questionable character. 

3 He will advertise only in a dignified manner, being careful to avoid 
misleading statements. 

4 He will regard as confidential any information obtained by him as to 
the business affairs and technical methods or processes of a client or 
employer. 

5 He will inform a client or employer of any business connections, 
interests or affiliations which might influence his judgment or impair the 
disinterested quality of his services. 

6 He will refrain from using any improper or questionable methods of 
soliciting professional work, and will decline to pay or to accept commissions 
for securing such work. 

7 He will accept compensation, financial or otherwise, for a particular 
service, from one source only, except with the full knowledge and consent 
of all interested parties. 

8 He will not use unfair means to win professional advancement or to 
injure the chances of another engineer to secure and hold employment. 

9 He will codperate in upbuilding the Engineering Profession by ex- 
changing general information and experience with his fellow-engineers and 
students of engineering and also by contributing to work of engineering 
societies, schools of applied science, and the technical press. 

10 He will interest himself in the public welfare, in behalf of which he 
will be ready to apply his special knowledge, skill, and training for the use 
and benefit of mankind. 


1 Put into effect at the Annual Meeting of the Society, December, 1922. 


No. 1902 
THE SALT VELOCITY METHOD OF 
WATER MEASUREMENT 


By Cuarites M. Auien,! Worcester, Mass. 
Member of the Society 
and 
Epwin A. Taytor,? Worcester, Mass. 
Non-Member 


This paper describes a new method of water measurement called the 
Salt Velocity Method. The authors outline the theory and development 
of the method, describe the apparatus and methods of computation used 
in laboratory and field tests, give an account of several commercial tests, 
and present for discussion the claims of the method for a high degree of 
accuracy and reliability. 


INTRODUCTION 


[)URING the past few years the engineering societies and the 

technical journals have published many articles and dis- 
cussions on the measurement of water power and on the design, 
tests, and efficiency of water wheels and settings. But very little 
has been published recently dealing with the measurement of water 
in flumes, pipes, and penstocks, and particularly with the relia- 
bility and accuracy of various methods and their applicability to 
the field testing of modern or recently designed water-power 
units. 

2 The most accurate known method of measuring water is by 
weighing, but this method is limited to comparatively small 
quantities. Other methods which have been used with varying 
degrees of accuracy are floats, weir, current meter, pitot tube, 
venturi meter, color velocity, moving screen, chemical method, 
and the Gibson method. 

3 Measuring water by means of floats in the canal is sometimes 
done, but conditions are seldom found where accurate results can 
be obtained by this method. 

4 The weir, properly designed and used, will indicate the dis- 


1 Professor of Hydraulic Engineering, Worcester Polytechnic Institute. 
2 Hydraulic Engineer, Worcester, Mass. 

Contributed by the Power Division and presented at the Annual Meet- 
ing, New York, December 3 to 6, 1923, of THz Ammrican Society oF 
MapcuanicaL Encinzprs, For discussion see p, 337, 
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charge within one or two per cent of the true quantity, but on 
account of loss of head and construction costs and the difficulties 
in obtaining uniform velocities of approach, the weir is usually not 
practical. If a weir can be calibrated by another more accurate 
method, as is sometimes possible in laboratories, it then becomes 
as accurate as the check method. 

5 The current meter can be used in open channels of some 
power plants, preferably in the forebay and in the tailrace only 
when quiet water conditions prevail. If water conditions are good 
and the meter is properly rated and used, it should give results 
well within commercial requirements. 

6 The pitot tube in various forms can usually be used at a 
reasonable cost in wood or steel penstocks. The pitometer, which 
consists of a pair of pitot tubes and is capable of being reversed, 
is an accurate and convenient form of this instrument. 

7 The venturi meter is accurate, but unless the meter has 
already been installed, its cost would prohibit the installation for 
tests alone. 

8 The color velocity method is only applicable to fairly long 
pipe lines. It appears to be very accurate, but up to date com- 
paratively few tests have been made with this method, and as yet 
no means of recording graphically the passage of the color are 
available. 

9 The moving screen, although very accurate, is applicable 
to permanent laboratory installations only and has been rarely 
used in the United States. 

10 Asso far developed, the chemical method with salt solution 
is very accurate when properly used, but it is relatively expensive. 

11 The Gibson method is a very accurate method in pen- 
stocks of considerable length. 

12 For many power plants, and particularly the recently 
designed low-head plants with short concrete penstocks of varying 
cross-section, all of the above methods are too expensive or too 
inaccurate, and none of them are universally recognized as a 
standard for field testing. All of them possess inherent disad- 
vantages under the various conditions present in commercial 
tests. For some time a growing need has been felt for a simple 
and accurate method of measuring water under the above condi- 
tions and the salt velocity method has been developed to meet 
those conditions, as well as the conditions found in long penstocks. 


THEORY 


13 The salt velocity method of water measurement is based on 
the fact that salt in solution increases the electrical conductivity 
of water. Salt solution is introduced near the upper end of the 
conduit, and the passage of the solution across one or moré pairs 
of electrodes, at other points in the conduit, is recorded graphically 
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by electrical recording instruments. The passage of the salt solu- 
tion between two points is accurately timed, and the volume of the 
penstock between the same points is accurately determined. The 
discharge in cubic feet per second equals the volume in cubie feet 
divided by the time in seconds. 


HISTORICAL 


14 So far as is known by the authors, no successful application 
of this method of measuring water has ever been made previous to 
1921. Early in that year the development of this method was 
commenced with laboratory tests at the Worcester Polytechnic 
Institute. In September, 1921, the first commercial tests were 
made on two units of a power plant. In 1922 the authors conducted 
extensive investigations at the Alden Hydraulic Laboratory of the 
Worcester Polytechnic Institute, and at the power plant of the 
Laurentide Power Company, at Grand Mere, Quebec. In the fall 
of that year ten successful commercial tests were made. Both 
the laboratory investigations and the commercial tests have been 
continued in 1923. 


SECTIONS OF PAPER 


15 This paper is divided into six sections, each section cover- 
ing a certain period of time and a certain group of tests as follows: 


I 1921 Laboratory Investigations 
II 1921 Commercial Tests 
III 1922 Laboratory Investigations 
IV 1922 Field Investigations 
V 1922 Commercial Tests 
VI 1923 Laboratory Investigations. 


16 Each group of investigations had a common objective, i.e. 
the determination of the accuracy and reliability of this method 
of water measurement. But in each group different plants, appa- 
ratus, or methods of testing were used, and each group had its 
own objective independent of the common object. The six groups 
or sections marked six distinct steps in the development of the 
method to its present state. 


I— 1921 LABORATORY INVESTIGATIONS 


OBJECT 


17. The object of these tests was to investigate the practical 
possibilities of the salt velocity method. By visualizing an in- 
finite number of floats equally distributed over the cross-section 
of the conduit, with each little float recording its own velocity and 
the whole group automatically recording a composite picture of 
velocities, the theoretical possibilities of this method can be readily 
understood. 
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PLANT 


18 The plant used for these first tests was Plant No. 1 of the 
Alden Hydraulic Laboratory of the Worcester Polytechnic In- 
stitute, Worcester, Mass. Fig. 1 shows the layout of this plant. 
The water supply is from two ponds with a combined area of 200 
acres, and a constant head can be maintained for long periods. 
A total fall of 35 ft. is available. 

19 The penstock is a riveted steel pipe about 450 ft. long. 
From the pond to within ten feet of the laboratory the diameter 
of the pipe is 40 in. In the laboratory are a 36-in. by 16-in. venturi 
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meter, an 18-in. horizontal water wheel with cylindrical case, and 
a conical vertical draft tube, discharging into a tailrace at the 
lower end of which is a 10-ft. standard sharp-crested weir with 
end contractions. 


APPARATUS AND MrruHops 


20 In these tests, as in all.subsequent tests, the apparatus 
in general consisted of a salt injector and electrodes in the pen- 
stock together with signaling and timing devices. 

21 Salt Introduction. In the very first tests raw salt was in- 
troduced into the penstock, the operator punched the stop watch 
and then ran down the road to the laboratory where an ammeter 
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was connected to the electrodes, and the operator again punched 
the watch on deflection of the meter needle. 

22 The first improvement in the introduction of salt was a 
closed metal box containing a charge of salt which was lowered to 
the mouth of the penstock by a pole. The charge of salt was re- 
leased when the hinged sides of the box were raised by wires oper- 
ated from a platform over the head gate. Raw salt or solution 
was also placed in paper bags tied to a pole, and when lowered to 


Fig. 2. Heap Gare, Mourn or PENSTOCK AND 2-IN. 
Quick-AcTING VALVE 


proper position the bags were broken by a sudden motion of the 
ole. 

i 23 Later, salt was injected in a solution piped from an elevated 
mixing tank over the head gate. A 2-in. pipe led to a quick-acting 
valve, operated by a rod from the surface platform. The valve 
was fitted with a vertical deflecting plate and scavenging tubes 
and was placed facing downstream in the plane of the penstock 
entrance. The strength of the charge could be varied by changing 
the degree of saturation of the solution or by throttling at a slow- 
motion valve in the feed pipe. Fig. 2 shows the head gate, pipe, 
and valve. 
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24 Electrodes. The first pair of electrodes used were thin strips 
of copper, 38 in. long and 2 in. wide, spaced 2 in. apart by wooden 
blocks. These electrodes were placed in a horizontal position 
across the center of the pipe and held in place by wooden wedges. 
A similarly constructed electrode 6 in. long was used for traversing 
the pipe. This electrode was fastened to a rod passing out of the 
pipe through a stuffing box and could be held at any position along 
the diameter of the pipe. Usually during a traverse this small 
electrode would be held in ten different positions. 

25 Later, several electrodes were made of thin copper strips 
3 in. wide and 4 in. long, spaced 7% in. 
apart. These electrodes were attached to 
short pitometer rods, rubber-covered wires 
being substituted for the original pitot 
tubes. The rods were packed and then 
screwed to nipples in front of gate valves. 
This form of electrode could be placed in 
any position across the pipe, rotated to 
free itself from debris, or withdrawn en- 
tirely. Fig. 3 shows a 6-in. and a 
traversing electrode. 

26 Meters. All electrodes were con- 
nected by wires and switches to the indicat- 
ing meters. In 1921 only indicating volt- 
meters and ammeters were used to record 
the current between the electrodes. Direct 
current at 110 volts was used on the cir- 
cults. 


Fic, 3\Gmeeceneane 27 Timing. Soon after the first few 
Usep 1n Lazora- tests had been made, a telephone line be- 
Tory, 1921 tween the pond and laboratory replaced 


the running operator. The stop watches 
were then started by the operator at the laboratory on verbal 
signal from the pond operator, and the time was observed at 
various stages of the needle deflection: As a rule, two watches 
were used. The first watch was stopped on the initial appearance 
of the salt, the second watch at final appearance, and the inter- 
mediate stages were observed by metronome with the second 
watch running. 

28 Standard of Measurement. The standard of measurement 
used in these tests was the 10-ft. weir at the lower end of the 
laboratory. Two hook gages in isolated stilling boxes at either side 
of the tailrace indicated the heads on the weir. The zero point 
on these gages and the level of the weir were frequently tested. 

29 Number of Tests. Including trials, about 400 charges of 
salt solution (one charge called a “shot ’’) were used in these tests, 
which were grouped into 30 runs of from 10 to 20 shots at each 
gate opening. Runs at each gate opening were repeated six to 
eight times. 
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COMPUTATIONS 


30 During the 1921 series of laboratory tests, the computation 
of the discharge by the salt velocity method for comparison with 
the quantity indicated by the weir was made by three different 
methods: 

1 The time was computed from the moment of salt intro- 
duction to the initial appearance of the salt at the elec- 
trodes, i.e., the beginning of the curve, and a coefficient 
1.095 was computed to give the true Q. This coefficient 
remained constant for all gate openings and velocities. 

2 The time was computed from the moment of salt intro- 
duction to the point of mean time between the initial and 
final appearance of the salt at the electrodes, i.e., half-way 
between the beginning and end of the curve, and coeffi- 
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cients were computed to give the true Q. These coeffi- 
cients varied and no constant could be established. 

3 The time was computed from the moment of salt introduc- 
tion to the moment of maximum density of the salt solu- 
tion passing the electrodes, i.e., the point of maximum 
deflection of the needle or the peak of the curve, and a 
coefficient was computed to yield the true Q by weir. 
This coefficient was approximately 1.00 (averaged 0.9975). 

31 The length and diameters of the section of pipe used were 
carefully measured and the volume of the section computed. Then 


Vol. (cu. ft.) _ 


= . ft. per sec. 
Time (sec.) Q. teu Ber Bee.) 


32 The quantity by weir was computed by the Francis formula, 
namely, Q = 3.33 (b — 0.2h)h’’”*. The heads over the weir crest 
varied from six inches to one foot. 
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RESULTS 


33 The results of computations by each of the foregoing methods 
are given in Tables 1 and 2. The series of tests in Table 1 were all 
made by injecting solid salt through the metal box. This table 
was taken from a thesis by Messrs. Bijur and Scanlan of the 
class of 1921, Worcester Polytechnic Institute. 


TABLE 1 RESULTS COMPUTED FROM TIME OF INITIAL APPEAR- 
ANCE OF SALT AND FROM MEAN OF TOTAL APPEARANCE 


Q by weir, Mgompyeds Variations, Q compare Variations, Pernt et, Variations, 

second-feet, initial time per cent Ticantinies ess cent meanitiznd per cent 
6.4 6.4 0.0 7.3 + 14.1 7.0 +9.4 
13.6 13.4 —1.5 Toea + 0.7 13.2 —2.9 
18.1 18.3 +1.1 18.1 0.0 17.4 —3.9 
21.4 21.4 0.0 21.4 0.0 20.6 —3.7 
26.3 26.5 +0.8 26.3 0.0 25.3 —3.8 
32.0 32.0 0.0 30.6 —4.4 29.6 —7.5 
35.6 35.7 +0.3 32.6 — 8.4 31.4 — 11.8 
21.8 21.8 0.0 23.4 +7.3 22.5 + 3.2 
24.9 24.9 0.0 26.6 + 6.8 25.6 + 2.8 
29.9 29.9 0.0 31.8 +6.4 30.6 + 2.3 
31.6 31.3 = 1.0 Traverse 
32.0 32.0 0.0 33.3 +4.1 32.0 0.0 


TABLE 2 RESULTS COMPUTED FROM TIME OF MAXIMUM 
DENSITY OF SALT 


Solid Salt or Solution in Paper Bags Salt Solution Through Pipe and Valve 


Gate b Coefficient = Gate b Coefficient = 
opening, pith Max. time by salt opening, Q md Max. time by salt 
per cent True time by weir per cent Vas True time by weir 

20 13.4 1.008 40 18.3 0.998 
40 18.8 1,002 40 18.2 0.989 
60 22.8 0.994 20 14.4 0.989 
100 29.2 1.000 40 19.6 0.999 
Avg. 1.001 60 23.9 0.995 

80 27.3 0.999 

100 28.9 1.005 

80 27.6 0.998 

30 17.6 0.995 

50 2208 0.998 

80 27.4 1.002 

30 16.9 0.990 

50 21.8 0.990 

70 25.6 1.000 

100 30.0 1.001 

Avg. 0.997 


34 Figs. 4 and 5 show curves with the meter deflection plotted 
on time in seconds. Fig. 6 shows a curve of true time, as deter- 
mined by the weir, plotted on discharge, with the results by the 
salt velocity method spotted in circles and crosses. Fig. 7 shows 
curves illustrating the percentage of the true Q (by weir) obtained 
by computing the salt velocity results, using the time of initial 
appearance of the salt, the mean between the initial and final 
appearance, and the fine of maximum density of the salt. During 
the tests the interior of the pipe was cleaned, and the results are 
shown both before and after cleaning. 
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CONCLUSIONS 


35 These first laboratory tests showed conclusively that the 
tests could be made and repeated indefinitely with consistent 
results. It showed an apparently constant relation between the 
initial appearance of the salt at the electrodes and the time of 
maximum density of the salt passing the electrodes. When properly 
computed the discharge by the salt velocity method checked the 
true Q by weir within about one per cent for single runs, and much 
closer for a long series of runs. 

36 Prior to and during these laboratory tests on salt velocity 
a number of tests were made by the color velocity method. A 
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strong solution of a red aniline dye was enclosed in paper bags 
which were broken at the penstock entrance, and stop watches 
were used for timing. At the lower end of the penstock an open- 
ended 2-in. glass pipe was used to observe the appearance of the 
color. This glass was arranged with a white background, By 
taking the mean time between the initial and final appearance of 
the color the results checked very closely with the results by salt 
velocity. (See Fig. 6.) 

37 The reason why the mean time gave accurate results by 
color but not by salt was because with color the eye cannot detect 
the color when well diluted with penstock water. If a curve of the 
real color appearance could be made, the portion of the curve 
visible to the eye would be approximately the upper third only, 
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and this portion of the curve is symmetrical. With salt the whole 
curve is visible and the two ends are usually not symmetrical. 


II — 1921 COMMERCIAL TESTS 


38. In September, 1921, tests were made of two hydroelectric 
units in New Hampshire. The object of these tests was to deter- 
mine the discharge of each unit at various gate openings. Each 
unit tested had a penstock of 13-ft. wood-stave pipe 1400 ft. long. 


APPARATUS AND METHODS 


39 Salt Introduction. A few tests were made by introducing 
raw salt in paper bags as in the first laboratory tests, but the 
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majority of the tests were made by wrapping the raw salt in a 
cotton sheet tied to a rod. When the sheet was lowered to the 
proper position in the mouth of the penstocks, a rope was pulled, 
allowing the sheet to open, and the-salt was released. 

40 Electrodes. The electrodes, made of thin copper plates 1 in. 
by 16 in. spaced +in. apart, were fastened to an insulated wooden 
plug driven into a 1+-in. pipe which was inserted in the penstock 
through a stuffing box. This electrode was located at one-third 
the diameter in the pipe. An indicating ammeter was used to 
indicate the passage of the salt across the electrode. 

41 Timing. The operators at the salt station and at the 
meter were connected by telephone, and as the first operator re- 
leased the salt, he signaled the second operator, who started three 
stop watches simultaneously. 

42 By carefully watching the meter needle, one watch was 
stopped at the initial appearance of the salt, the second watch at 
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the maximum deflection of the needle, and the third watch was 
stopped at the completion of the passage, when the needle returned 
to normal position. The watches were calibrated before, during, 
and after the tests. 

43 Standard of Measurement. No accurate standard of meas- 
urement was used for comparison during the tests, but after the 
tests two current meters were used and two tests made at the 
same gate opening, 70 per cent. 

44 Computations. All times were computed from the moment 
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of salt introduction, i.e., from the release of the salt charge to the 
moment of maximum density of the salt solution passing the 
electrode, i.e., the maximum deflection of the meter needle. 


RESULTS 


45 The results of these tests were very satisfactory. The 
work was easily done with very simple apparatus. By reducing 
to a common head and plotting the discharge against gate opening, 
smooth curves were the result. 

46 Fig. 8 shows a curve of discharge on gate opening. This 
curve passes through every test point. The two check tests by 
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current meter are shown at 70 per cent gate, and the salt velocity 
curve passes midway between them. These two current-meter 
tests varied from each other by 2 per cent. 


CONCLUSIONS 


47 These tests confirmed the results of the laboratory tests 
and showed that the salt velocity method of water measurement 
was applicable to power plants with long penstocks of uniform 
diameter. 


III — 1922 LABORATORY INVESTIGATIONS 


48 After learning of the development of the salt velocity 
method during 1921, Mr. John Riddile, Chief Engineer for the 
Laurentide Power Company of Grand Mere, Quebec, was con- 
vinced of the possibilities of the method for testing their units. 
During 1922 an extensive series of investigations was conducted 
for that company. 

OBJECT 


49 Up to then the method had been used only on pipes of 
uniform diameter. This company’s power house has short, rec- 
tangular, converging penstocks, and the object of this series of 
tests was to determine the accuracy and applicability of the salt 
velocity method of water measurement to that type of penstock. 


APPARATUS AND MetTHops 


50 Plant. These tests were conducted at the Worcester Poly- 
technic Institute Laboratory, but instead of using the 40-in. pipe 
all the time as in 1921, a majority of the tests were made on the 
pipe line below the 40-in. section, i.e., through the converging por- 
tion of the penstock, through the venturi meter, and through the 
wheel and draft tube. Fig. 9 shows the 36-in. by 16-in. venturi 
meter. 

51 Salt Introduction. A few tests were made introducing 
salt at the pond with the same elevated salt-mixing tank, pipe, and 
quick-acting valve as were used in the 1921 tests. The remaining 
tests were made by introducing salt just below the lower end of the 
40-in. section of penstock. This point was station B. (See Fig. 1.) 
The apparatus installed here consisted of an elevated 100-gal. 
mixing tank piped to a 15-gal. pressure tank, which in turn was 
piped to the penstock by 3-in. hose and pipe. An air pipe from 
a pump and storage tank in the laboratory was connected to the 
pressure tank. Air pressure up to 60 lb. was available. Besides 
the air pipe and the feed pipe, the pressure tank was also fitted 
with screens, an inlet pipe, a waste pipe, an air vent, and a pressure 
gage. 

52 Slow-motion valves were placed on all connections, and on 
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the discharge pipe a 2-in. quick-acting valve was placed near the 
penstock. The brass distribution pipe was inserted into the pen- 
stock through a stuffing box. Various ways of discharging the 
brine from the pipe were tried: a 3-in. open end; a Lin. open end; 
two jin. holes at the center of the pipe; and 18 holes of graded 
sizes extending on both sides of the pipe. These holes were ar- 
ranged so as to discharge vertically. This form of distribution was 
called a “perforated introduction.’ During the latter portion of 
these tests a #in. pop valve was attached to the end of the pipe 
for the introduction of salt at station B. This pop valve opened 
and closed under pressure from the feed pipe, which was controlled 
by the quick-acting valve. 

53 Electrodes. Various electrodes were used. A double-helix 
electrode 4 in. long was made of copper wire wound around a 3-in. 


Fic. 9 36x16-In. VentURI MitTER AT ALDEN LABORATORY 


wooden plug fitted into the end of a 3-in. pipe. Plate electrodes 
were made of strips of copper 7g in. thick and 1 in. wide, and from 
1 in. to 8 in. long, with spacings of from + in. to in. between strips. 
All of these electrodes were fastened to pitometer rods and could 
be adjusted through stuffing boxes at any distance along the 
diameter of the pipe. This form of electrode is shown in Fig. 3. 
Other electrodes were made of l-in. brass pipe, placed parallel, 
extending across the penstock and fastened to the walls by wooden 
insulating wedges. These pipes were spaced ? in. apart. 

54 In connection with these pipe electrodes was an electrode 
called a ‘‘saddle.”” This was a strip of ;4,-in. copper, 1 in. wide and 
6 in. long, fastened to and insulated from the center of the upper 
brass pipe with a +in. space between. 

55 Meters. The electrodes were wired to a portable Bristol 
direct-current recording ammeter. This instrument had two 
meters with a capacity of three amperes each. Direct current at 
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110 volts was used. The roll of paper, or chart, for this meter 
was motor driven. 

56 The passage of the brine by the different electrodes was 
recorded on the chart by two pens, each actuated by its own meter. 
The salt introduction was recorded by means of a snap switch at 
station T (Fig. 1), which was operated by hand simultaneously 
with the opening and closing of the introduction valve. At station 
B an automatic contact switch was placed on the handle of the in- 
troduction valve. These switches were wired to the ammeters 
with lamps in series for resistance, recording the time and duration 
of the introduction of the salt by either one of the pens, just men- 
tioned, on the same chart. 

57 Timing. A standard seconds-pendulum clock was wired 
to the ammeter, and by means of a magnet and relay recorded 
seconds by a separate pen (a third pen) on the same chart. For 
convenience in counting seconds, a break occurred every minute, 
at which time the pen missed two seconds records. 

58 Standard of Measurement. The standard for the water 
measurement was the 10-ft. weir. The venturi meter was fre- 
quently used for check measurements. 


DESCRIPTION OF TESTS 


59 The general arrangement for these tests was an observer 
and operator at the laboratory who arranged the electrodes, 
operated the motor, ammeter, and switches, and took readings on 
the weir and venturi meter. This observer was connected by 
telephone to an operator at station T- when salt was introduced 
at the pond. This second operator prepared the brine and operated 
the salt valve and the introduction-signal switch. When salt was 
introduced at station B, near the laboratory, the operators were 
near enough to talk. Ifa third operator was present, he prepared 
the brine, connected the air pressure, and read the gages for weir 
and venturi meter. 

60 All tests were numbered, and the necessary notes and data 
were recorded on the chart. In later tests these data were recorded 
on data sheets, Table 3 being a sample sheet prepared for the 
early tests. 

61 Including trials, about 1200 individual tests or charges 
of salt solution were used, which were grouped into 60 runs, and 
these in turn were segregated into 13 groups based on the stations 
used for the salt introduction and for electrodes. Sample charts 
illustrating the curves obtained from the various introduction and 
electrode stations are presented in Figs. 10 and 11. These curves 
show methods of computation, give comparison of results by salt 
and by weir, and will be discussed in detail later. 


Run 
No. 


Average percentage for sheet, 5 runs, at A = +0. 
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COMPUTATIONS 


62 The volumes of the penstock between various stations 
were computed from surveys. 

63 As in 1921, the study of the problem of what point on the 
curve to use in computing was continued. While recognizing 
the theoretically correct center of gravity of the curve, the exact 
determination of that point was still too difficult and required too 
much time for practical use. 

64 The curves made on long sections of pipe continued to be 


TABLE 3 SAMPLE DATA SHEET OF SALT VELOCITY TESTS 
(Laboratory Investigations, 1922) 


Length of steel pipe used {s = ges He \ Size, 40 in. Volume {8 a Z0ne+ 
Q Second Second ne 
Test Sec. Time - Ven- SCOnCes Seconds, cu. Tv. Remarks for 
No. shot of day Weir turi T to A, T to B, per cece all runs 
actor test average test average Weir is 
100% 
7/4/22 
19° oF 2USO4\ 2.6 LALO 140.1 A=21.58 Salt from tank 
20 4 111.1 | 111.58 140.9 | 141.2 —-1.6% at pond 
21 1 er Or — 14a O) = 
22 2 110.8 | 21.58 141.7 | 21.92 B=21.92 6-in. electrode 
23 2 111.4 141.4 —0.1% at A and 
12-in. in pipe 
7/4/22 
24 220 aes | oe OO. 140.0 A=21.96 6-in. electrode 
25. 42 109.8 | 109.56 142.0 | 140.22 -—0.4% at B and 
26 2 111.7 = 14074 = 12-in. in pipe 
Ong wats} 109.3 | 21.96 138.4 | 22.08 B=22.08 
28-— 5 106.9 140.3 +0.1% 110-volt direct 
7/13/22 current 
29 1 4:30 Pim 18710) %.;,... 136.0 170.0 A =17.84 
30 2 133.0 | 134.20 170.9 | 170.92 —1.4% 
Sl ares BRIE = POs QO) = Salt introduced 
32 2 134.3 | 17.84 171.8 |18.12 B=18.12 through 2-in. 
33 «3 134.3 171.2 +0.1% pipe and 2-in. 
quick-acting 
1/io/22 valve 
34 1 5:00P.m. 20.34 20.50 113.9 153.9 A =20.72 
35 IL 115.7 | 116.08 155.8 | 153.388 +1.9% 
36 2 115.8 = 153.4 -Q = 
37 2 115.6 | 20.72 158.3 | 20.19 B=20.19 
38 2 , 117.4 152.0 —0.7% 
39 2 118.1 151.9 | 
7/15/22 
40 2 5:40 p.m. 20.08 20.19 117.7 ) 117.00 153.4 ) 154.00 A =20.57 
41 2 115.9 = 15207 = +2.4% 
42 3 117.7 {20.57 155.4 (20.10 B=20.10 
43 3 116.7 154.5 +0.1% 


2 per cent and at B = — 0.2 per cent. 


symmetrical and the peaks were used with very uniform and 
accurate results. The curves made when salt was introduced at 
station B and when a short section of pipe with a varying cross- 
section was used were not symmetrical. For these curves a few 
centers of gravity were accurately determined, and for all the 
remainder the centers of gravity were determined by eye, with 
fairly uniform and accurate results. For the introduction curves, 
the point for timing was always taken half-way between the 
opening and closing of the salt introduction valve. 


SALT VELOCITY METHOD OF WATER MEASUREMENT 


300 


NOILVLOdWNO) vO SCOHLY, INGUGIIIG ao SLTASAY HLIM AdIg ‘NI-Op NO SLSa J, ‘SHAMND GIdNVG Of ‘D1 


ES ee i j= Is lear z. i Fee MES De uF fhe a eae ees jms 7 
i + [ it inSat adi] 0 1dfUd2 1B YOPOS 9 SHYT APOL{IA FZ PA), Op SOY WY OfS i e F-] [ | aA, {JC 10 fayrhp ayelUojrhy | oe 
it es a a (jt | AA $0 AZAD fw CUPPLOS) BPOMIAT 9 SOL 2D 'vys| B i | q /OUDIS HOM INMPOALU/. SY 
as ares JOuLy ft eulg $f yf | buy, | ‘yodey | ees soupy | 
i [NS ie SEZ a 4S | NI AES ee oy g/bay ee %LO+ 42 FT £¢ 
\ ra me [WoL ALN IO 8" \ 1-208 10 229 O12 Ay, 
IEW 20) TOAOG Oa (TOLE Wle Te BadD FEE 125 9/6) OD HL 940°, 
TEX? 20] TAOS Be Do4 LHS | 7 HI TMOLIE- JOLT OS sya Fa b 9 J0°9 awa I} | 
¥ = 770. 7. pees Bee! f \ Z 
eae CHE aos ferns fee ee ae ae are 
via 
x il 
- pul (BUT. i TNT ay Ze maa UL, BUT 
2D YS 
: az) | I {SE | PUL £2 Lif (ese J 208 long by [react 
| | 7 #129 40f ALND, - xt) 40 
20g ee, a e7 
| Whoaspe a1} ah Se ees Hale y Dion 
=e \ HO f ae eI f Sead hy oy We et Seas PS ae ee 
\ \ \ Ves aay \ \ res \ 
Coby — an Tey Yo PT AoROT TY 
CHa) tolbyg Lindueg godoaud te 8) Bese 
d, 0) x 2B. 
F—FE-E- - EF -F h nod" age aloof oc9 0h. 5 Kite afoed og) 29 isle t+>EE-EE-#§ -#- =F FFF 
faa LT [_f[ #9? 2/= aUtrion" OS O/ = C 04 © 248 |—}—} — % O74 R289) 61 = OS AY ea ] f fal 
| on wd ! |S ial [ep 222d NG BT” $4045 51 Oy) | cae 


| 


: al a 
cy Cee | 
: { \ f we { Ee Sam t (Seoetl ara oe a ae \ { f era \ { 
r | ae aes ees a \ ca \GELE Sl Say ae ee eae aa \ i \ 
WW Hit SERUERURE SEO U HERR OU ODN Uennno non PUT thy dtd 
= 4 ii : ul 1 
E A ta ot FFs odessa il Tf} 2 y g 
i sss i | | i | | 40,2) 10 SapOL) | i f | = | 1 
f PUD Yo y Dike 44-728 266] 
: Ff /2'21,0U10 Ny Lian 77 8 
! : ie Ey uy iW dovzone” oe t 
aon ee te Tie ee aie! gO He BE ek fan Vay os We 
ic] POfLIOL Lecd UOLINPOMU] 1108 0 2 lease ae 


C. M. ALLEN AND E. A. TAYLOR 301 


65 Sample curves showing the amount of the variation between 
the maximum deflection or peaks of the curves and the center of 
gravity of symmetrical and distorted curves are shown in Fig. 12. 


RESULTS 


66 A summary of the results of these tests is shown in Table 4. 


TABLE 4 SUMMARY OF RESULTS OF SALT VELOCITY TESTS 
(Investigations at Worcester, 1922. Computed to peaks of curves) 


Per Cent 
Group From To Salt aie = 
No. Station Station Length at Electrodes Position Runs Shots (weir=100%) 
1 4s A 275.85. T ae helix (wire) center 1 Za SO sak Orenste eu 
2 ft A 2iOe so LL 67 Xx ee plates 12" in a SO Manes Ol k4 
3 ae B 355.20 T 6° X 1” plates 12” in 7 SOE Oo Oued ers «5 
3 TF € 391.90 T 1” bites’ 30" T. across 83D OOS Lis 
: pipes, . across vk or 
6 B G 36.70 B 1” pipes, 36” L. across 9 UT ROKSS Bets 
7 B Cc 36.70 B 6” <1’ saddle center 2 . 20 4.98 ee 
8 B Dd 16.50 B 4” X 1” plates center 4 48 0.51 ae 
9 B D Ligh oe Bas SL plates center 7% 102 %..) 0.13 
ere ree eke 
F XxX I’ saddle center 4 ! 
12 B E 59.15 B Pipes and saddie 4 30 4.79 
13 eee. ae ae x APS Se .25 plates, 10to12 5 325 0.42 
»Dan ‘ 1 traverse positions oe = 


Totals 59 824 


Omitting groups 1, 7, 11, and 12 (12 runs and 95 shots) on account of electrodes at 
center of pipe, and averaging the remainder, shows 47 runs and 729 shots; average 
+ 0.32 per cent. 

Averages weighted for number of shots. Q by weir = 100 per cent. 


A study of this summary shows that averaging 47 runs with a 
total of 729 shots gave a quantity for water measurements which 
was 0.32 of 1 per cent in excess.of the quantity measured by the 
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Fia. 11 Sampie Curves, Tests on 40-1n. Pipk witH RESULTS OF 
Dirrerent Meruops oF COMPUTATION 


weir. Included in these 47 runs are the results with electrodes clear 
across the pipe, with short electrodes one-quarter to one-third of 
the diameter into the pipe, with short electrodes in the center of 
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the pipe at the venturi throat and all traverses across the pipe. 
The runs omitted from these 47 with accurate results are the runs 


with 


short electrodes placed at the center of the pipe at all stations 


except the venturi throat. The results of these latter runs varied 
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from the true Q@ by as much as 5 per cent, which is to be expected, 
since only the fast water at the center of the pipe was measured 
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Fig. 


Top of 


Variation for Traverse =+04 % 


all slow water was neglected. (See curves of mean velocities 
ss the pipe which were obtained from the traverses, Figs. 13 
14.) 
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_67 These traverse curves are not curves of instantaneous 
velocity at those stations, but are the curves of average velocity 
from introduction to final electrode. These curves show the effect 
on @ of using an electrode at the center of the pipe at stations 
A and C’, and also show that using an electrode at the center at 
stations D and D’, the throat of the venturi meter, has no ap- 
preciable effect. The pipe factor at station D, ie., the mean 
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Fic. 14 Traverse Curves or AVERAGE VELOCITY FROM SALT VALVE TO 
ELECTRODES, TESTS ON 40-IN. AND 36-IN. PIPE 


velocity divided by the center velocity, is 0.994, while at station 
A the pipe factor is about 0.86 (using instantaneous velocities). 

68 These traverses were made with an electrode 1 in. long 
held at the various points shown by the small circles, and when 
Q is computed by the equal-area method it varies from the true 
Q measured on the weir by less than one per cent in each case. 

69 Four students of the class of 1923, Worcester Polytechnic 
Institute, took the salt velocity method of water measurement 
for their theses. Messrs. Masten and White used the salt velocity 
method to calibrate a 12-in. by 6-in. venturi meter and an 8-ft. sup- 
pressed weir. Messrs. Dodkin and Metcalf made 21 runs with a 
total of 205 shots on the 40-in. penstock. They introduced salt 
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at the pond, station T, and used various forms of electrodes at 
stations A and B. (See Fig. 1.) With the 10-ft. weir as a standard 
of measurement, the maximum variation of the discharges com- 
puted by the salt velocity method were + 1.10 per cent and — 0.95 
per cent, with the total 21 runs averaging + 0.10 of one per cent. 


CONCLUSIONS 


70 These tests showed that the results are accurate and re- 
liable for long sections of penstock, with a short electrode inserted 
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approximately 25 per cent to 30 per cent of the diameter of the 
pipe. This exact point can be accurately determined by the 
traverse. The results are also accurate and reliable for all traverses, 
and for converging or diverging sections of pipe with proper elec- 
trodes at proper points in the pipe. 

71 Referring to the summary sheet, Table 4, this matter of 
results with different electrodes at the same station is shown by 
comparing group 6 with group 7 and group 10 with group 11. 
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Group 6 at station C and group 10 
at station E are with pipe electrodes 
clear across the pipe and _ give 
variations from true Q of + 0.33 of 
one per cent and + 0.92 of one per 
cent, respectively, while group 7 
and group 11 with 6-in. electrodes 
in the center of the pipe at the same 
stations give variations of + 4.98 
per cent and + 3.38 per cent from 
the true Q by weir. Even the 
parallel pipe electrodes placed across 
the penstock favored the fast water 
in the center, thus accounting for 
the fact that nearly all variations 
shown on the summary sheet are 
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plus percentages. An improved 
electrode to correct this feature was used in the 1923 tests at 
Worcester. 

72 The section of the Worcester penstock most nearly ap- 
proaching the conditions of the Laurentide penstock was from 
station B to station D or D’, which section includes the upstream 


Fig. 17 Apparatus In Gate Hovusr, LAauRENTIDE PowER COMPANY 


end of theZventuri meter. This section is 39 in. in diameter at B 
and 16 in. and 164 in. in diameter at D and D’, respectively. The 
traverse curves for D and D’ are nearly straight lines. The center 
water is only slightly faster than the water on the outside, and an 
electrode at any point in the pipe at these stations gave very 
accurate results. 
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WATER MEASUREMENT 


73 The last curve of 
the sample curves (see 
Fig. 12) shows some very 
sharp peaks with no doubt 
as to their interpretation. 
These curves were made 
between stations B and 
D’ (venturi throat), a dis- 
tance of 17 ft. The maxi- 
mum deflection of the 
peaks and the center of 
gravity of the curves 
coincide, and they check 
with the true quantity as 
measured by the weir. 
The average variation for 
25 shots was — 0.2 per 
cent. 

74 These 1922 tests at 
Worcester were so suc- 
cessful and the results 
were so satisfactory that 
many doubts concerning 


the application of the salt velocity method of water measurement to 
rectangular tapering penstocks were dispelled. These tests were 


completed and the appara- 
tus in the laboratory was 
moved to Grand Mere, 
Quebec, and tests were con- 
tinued at the power plant 
of the Laurentide Power 
Company. 


IV — 1922 FIELD INVES- 
TIGATIONS 


75 Following the labora- 
tory investigations at Wor- 
cester in the summer of 
1922, field investigations of 
the salt velocity method of 
water measurement were 
made at the power house 
of the Laurentide Power 
Co., Ltd., at Grand Mere, 
Quebec, in October and 
November, 1922. The ob- 
ject of these tests was to 
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determine the reliability of the salt velocity method when actually 
applied to short rectangular tapering penstocks in the field. 


APPARATUS AND Mrruops 


76 Plant. Unit No. 7 was used for these investigations. This 

consists of a 102-in. right-hand water wheel designed by the I. P. 
Morris Company and built 
by the Dominion Engineer- 
ing Works, and connected 
by a vertical shaft to a 
generator built by the 
Canadian Westinghouse 
Company. The makers’ 
rating of the wheel is 
22,000 hp. under 84 ft. head 
and 120 r.pm. The pen- 
stock is a sloping concrete 
tube about 65 ft. long, con- 
verging from a_ vertical 
rectangular cross-section of 
630 sq. ft. area at the upper 
end, to a vertical rectangu- 
lar cross-section of 335 sq. 
ft. area at the piezometer 
plates, which are located 
at the entrance to the scroll 
case of the wheel. The Fic. 20 Por Vatyves In ACTION UNDER 
upper end of the penstock 60 LB. PRESSURE 
is divided by concrete piers 
into three bays of equal area. (See Fig. 15.) In making these tests, 
from 55 to 57 ft. of penstock (horizontal distance 48 ft.) was used 
with volumes varying from 27,677 to 28,819 cu. ft. 
77 Apparatus. The apparatus used for the salt introduction 
was installed in the gate house and consisted of a 500-gal. open 
mixing tank and a 500-gal. pressure tank. The pressure tank was 
filled by gravity from the mixing tank, which was raised by an 
overhead traveling crane. A 4-in. pipe led from this pressure 
tank through a header and equalizer to three 24-in. leader pipes 
and three lengths of 2-in. fire hose, one hose passing into each 
bay at the upper end of the penstock. Fig. 16 is a diagram and 
Fig. 17 a photograph showing the arrangement of these tanks and 
pipes. 

78 Each length of hose was connected to eight pop valves 
of special design located in each bay of the penstock. These 24 
pop valves were arranged so as to give a uniform distribution of 
salt over the entire cross-section. The distribution of brine to 
the pop valves was controlled by a 4-in. quick-acting valve which 
had a 30-in. handwheel near the pressure tank. The brine was 
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also controlled by valves at the upper end of each leader pipe. 
Figs. 18 and 19 show the details of construction and location of 
these pop valves. Tig. 20 shows the pop valves in bay C in action 
while the penstock was 
emptied. An air pressure 
of 100 lb. per sq. in. was 
available for these tests. 

79 At first, six pairs of 
small electrodes attached 
to the distribution pipes 
and placed about two 
inches downstream from 
the pop valves recorded 
the introduction of the 
salt at the upper end of 
the penstock. These elec- 

ee trodes were made of cop- 
Fig. 21 Lower Eecrropes A, B, per plates and had an 
AND C area of about two square 
inches each. They were 
placed parallel to the thread of the penstock and were numbered 
from 27 to 32, inclusive. Electrodes Nos. 31 and 32 are shown in 
the photograph of the distribution pipes and pop valves in bay C. 
(See Fig. 19.) Later in the 
field tests these electrodes 
were moved upstream to 
the plane of the pop-valve 
faces and were placed at an 
angle of 45 deg., but re- 
tained the same numbers. 
Still later, larger electrodes 
were used in the original 
locations. 

80 Other methods of 
recording salt introduction 
were a contact signal placed 
on the handle of the quick- 
acting valve and an electric 
signal operated by water 
pressure through a gage 
connected with the distri- 
bution pipe in bay C. 

81 During the last Fie. 22 ELEectropr B 
period of these tests and 
during the final efficiency tests of unit No. 7, six pairs of elec- 
trodes, placed 22 in. downstream from the plane of the pop valves, 
were used. These electrodes, Nos. 34-39, made of 4-in. by 4-in. 
steel plate, 10 ft. long, were placed parallel to the thread of, the 
penstock, 
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82 Three pairs of steel electrodes, placed vertically at the 
lower end of the penstock and about three feet upstream from the 
entrance to the scroll case, recorded the passage of the salt at that 
section. These lower electrodes were made of 4-in. by 4-in. steel 
plates spaced 1 in. apart by horn fiber insulation and with tie bolts 
insulated with fiber and rubber. These plates were fastened to, 
but insulated from, angle irons bolted to the roof and floor of the 
penstock. These electrodes were continuous, extending from the 
floor to the roof. The six plates were numbered from 1 to 6 
and the three pairs lettered A, B, and C. (See Figs. 21 and 22.) 

_83 Two pairs of shorter electrodes made of steel plates 3 ft. 
long were placed 6 in. from the side walls of the penstock and were 
used during a portion of the tests. These electrodes were lettered 
X and Y. These locations are shown in Fig. 29, 

84 Other lower electrodes were made by placing 4 x 12 x Lin. 
copper strips between the two steel electrodes at 15 points with 
five on each pair of electrodes, A, B, and C. These copper strips 
were not in the center of the space, but were + in. from one steel and 
x in. from the other steel. They were connected so as to form a 
pair of electrodes with either or both steel plates, and were numbered 
from 7 to 21, inclusive. These 15 short electrodes are shown in 
Figs. 21 and 22. 

85 In later tests the fiber insulation was changed to hard 
rubber and finally to porcelain, and the 15 copper strips were 
removed, but for the last week of the tests nine of these coppers 
were replaced. In these last electrodes the small copper plates 
were placed on the outside of the steel plates instead of between 
them, as in the early electrodes. 

86 Wires with switches connected all of the electrodes to the 
recording electrical instruments in the gate house. The record was 
made in three ways: by recording curve-drawing ammeter; by 
recording curve-drawing wattmeter; and by a special integrating 
device developed by the engineers of the Laurentide Power Com- 
pany. A detailed description of this last device will be found in 
Section VI of this paper. A standard clock was fitted with a 
magnet and contact point, and was so wired through a relay 
that the movement of the pendulum recorded seconds on the 
paper chart. The time record was made by both pen and jump 
spark. Prams 
”87 During some of the speed and efficiency runs, an electric 
revolution counter, connected to the wheel shaft, was located on 
the testing tables, and through a relay and jump-spark device each 
revolution was recorded on the same chart. This was checked 
by an observer, on the counter. Fig. 23 is a wiring diagram, and 
Fig. 24 is a photograph of the electrical apparatus. 

88 Float gages recorded the head- and tail-water elevations. 
A water column connected to the piezometer plates in the penstock 
recorded the pressure head at the entrance to the scroll case. 

89 During practically all of these tests other records in connec- 
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tion with the unit, such as load, head, and gate opening, were ob- 
served and recorded, and during the latter portion of the tests 
many of the runs were efficiency runs on the water wheel. The 
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electrical load was obtained from an integrating watt-hour meter, 
and checked by indicating wattmeters located in the generator 
room of the power house. 


D&scrRIPTION oF TxEstTs 


90 During all important tests, observers were stationed at the 
head- and tail-water gages, at the water column recording pressure 


Cite 


SHEET ..2....OF 9... SHEETS 
SALT VELOCITY TESTS 
Cc. M. ALLEN, WORCESTER, MASS. 
DATA OF TESTS ON. oe ccm tAVeStigations (Feed) i cccummmaNIT NO Toone 
MADE BY AT PLANT OF L+P.Co., Grand Mere.Quebeo 
TESTS MADE FoR..Laurentide Power Co., Quebec a conn DATEL/LO/22 


LENGTH. Cone.Penstock..useo. 67 ft. size As is VOLUME 8691¢,£42. P.M..226 


Test Gate 
N fo 


Fre. 25 Sampte Data SHent or LAURENTIDE Powrr Company Tests 


head, at the electrical instruments in the generator room, at the 
wheel governor, and in the operating room of the power house. 
The test was directed from the gate house, where observers on the 
salt velocity meters were connected by telephone with the ob- 
servers in the power house. 
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91 The maintenance crew of the power house provided most of 
the observers, performed all the labor in connection with the in- 
stallation of apparatus, and attended to the brine mixing and dis- 
tribution during the tests. 

92 All tests were numbered, and all tests and observations were 
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recorded against the time of day. The watches of all observers 
were synchronized at the beginning of a test, and were checked at 
the end of the test. The necessary notes and data were recorded 
on both the moving chart and on the data sheets prepared for the 
purpose. Fig. 25 is a sample data sheet. 

93 Including trials and all efficiency tests, Bone 1800 individual 
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tests or charges of salt solution were used. These were grouped 
into 220 runs of from five to twenty shots each. 

94 Figs. 26 and 27 show sample curves recording the passage 
of salt at both the upper and lower electrodes for six different gate 
openings. All of these curves were made in the November tests 
after the various electrodes had been changed and improved. 


COMPUTATIONS 


95 The dimensions of the penstock were carefully measured by 
local engineers before the beginning of the tests, and the volumes 
between the vertical planes of the various electrodes and the pop 
valves were accurately computed. Then from the charts the 
number of seconds required for the passage of the salt between two 
stations was counted. The volume in cubic feet for that section, 
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\7/ 
THIS ANALYS/S SHOWS THAT THE CENTERS OF 
+LINE OF CENTER OF GRAVITY OF CURVES AREA, AS DETERMINED BY (HE WATT-HOUR 


* LINE OF CENTER OF AREA OF CURVES METER (LINE OF DOTS).J3 A PRACTICAL CHECK 

+ LINE OF CENTER OF AREA BY WATT-HOUR METER WITHTHE CENTERS OF GRAVITY OF THE 
CURVES WHEN USED TO COMPUTE TIME OF 
PASSAGE OF SALT & DISCHARGE 


W/ 1534. 3 mes eo 
DIFFERENCE BETWEEN CENTER OF AREA DIFFERENCE BETWEEN CENTER OF AREA 


AND CENTER OF GRAVITY OF CURVES. AVER- BY METER, AND CENTER OF GRAVITY CURVES. 
AGING 6 INTRODUCTION CURVES, THE AVERAGING 6 /NTRODUCTION CURVES , POINT 
POINT MOVES TO THE RIGHT AND DECREAS- MOVES TO THE RIGHT WHICH DECREASES T/ME 
ES THE TIME BY 0.07 OF A SECOND. BY 0.1/5 OF A SECOND. 

AVERAGING 6 FINAL CURVES, THE POINT AVERAGING 6 FINAL CURVES, PO/NT ALSO 
ALSO MOVES TO THE RIGHT AND /NCREAS- MOVES TO THE RIGHT BUT INCREASES THE 
&S THE TIME BY 0/2 OFA SECOND. TIME BY 0.1/4 OF A SECOND. 

MAKING A NET /NCREASE- OF 0.05 OF A MAKING A NET DECREASE OF 0.01 OF A 
SECOND OR 05% OF TOTAL TIME. SECOND OR 0.) % OF TOTAL TIME. 


\y 7 Mie el Se ee ‘ / ee ee 
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divided by the time of passage in seconds, equals cubic feet per 
second. 

96 Referring to the sample charts, Figs. 26 and 27, the curves 
are the pen records of the passage of the brine across the electrodes 
with current through a wattmeter. The line of dots at the bottom 
of the charts indicates the passage of the brine across the same 
electrodes with current through the watt-hour meter. The middle 
line of dots (November 13 only) indicates the revolutions of the 
wheel, and the upper line of dots on all charts indicates the time 
in seconds. 

97 As in the laboratory investigations at Worcester, con- 
siderable time was given to the problem of what point to use in 
computing time. Fig. 28 is an analysis of the six sample curves, 
for both introduction and final passage. The axes of the centers 
of gravity of the pen curves have been carefully determined by 
cardboard figures balanced on a knife edge. The axes of the centers 
of area of the same curves have been accurately fixed by a pla- 
nimeter, and both of these axes are shown, together with the axes 
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of the centers of area as determined by the line of dots at the 
bottom of the sample curves. A study of this analysis shows 
that the results obtained by taking the centers of area, as indicated 
by the jump-spark device through the watt-hour meter on the orig- 
inal curves, differs by only one-tenth of one per cent from the 
results obtained by using the center of gravity of the pen curves 
made by the wattmeter. 

98 Theoretically the center of gravity of the salt charge which 
is indicated on the chart by the center of gravity of the area en- 
closed by the curve is the correct point from which to compute 
time. In a symmetrical curve the maximum deflection, or the 
peak of the curve, is on the same axis as the center of area and the 
center of gravity of the curve, and all three will indicate the same 
time for the passage of the salt. The curves made by these tests 


TABLE 5 COMPARISON OF RESULTS BY VARIOUS METERS ON 
BASIS OF SECONDS INDICATED FOR THE PASSAGE OF SALT 
FROM INTRODUCTION TO FINAL ELEGTRODES. ALL AT 60 PER 


CENT GATE 
Run No. Ne: ot ore —-——Remarks 
14 13° 14:06" _ 14742 14.31 Salt in at all bays. Final at all bays 
l4a 8 14.36 14.55 14.50 Saltinat Conly. Final at all bays 
no 5 “14051 14.82 14.50 Salt in at all bays. Final at C only 
Average, 3 runs 14.31 14.60 14.44 
Average, all 9 runs = 14.45 Not weighted for number of tests 
Per cent plus or 
Minds). ge twee —1.0 41.0 0.0 Avg. of 9 = 100 per cent. 


Meters D and E were Prof. Allen’s Bristol ammeters. Meter F was Laurentide 
Power Company’s General Electric wattmeter. The ‘‘#’’ meter was apparently 
more reliable and accurate (as well as more convenient on account of watt-hour meter 
attachment) and was used for the majority of future tests. 


were not as symmetrical as those obtained in the laboratory inves- 
tigations, and the maximum deflection of the meter, that is, the 
peaks of the curves, would not give accurate results. But the curves 
were not distorted sufficiently to cause any material difference 
between the center of area and the center of gravity. 

99 During the majority of the tests the point on the curves 
from which time was computed was the center of area, as indicated 
by the watt-hour meter record. In some of the early tests the 
records of the ammeters were used, and Table 5 shows the com- 
parative results with the various meters. The computations were 
simpler with the wattmeter and the watt-hour meter device, and 
the results using the axis of center of area by that method coincided 
so closely with the center of gravity of the curves that any differ- 
ence was ignored. 

100 Since these investigations were made, the engineers of the 
Laurentide Power Company have made some tests investigating 
the proportionality or relation between the density of the salt and 
the electrical conductivity of the solution. The curves in Fig. 29 
show the conductivity in amperes plotted on the density of salt 


C. M. ALLEN. AND BE. A. TAYLOR StS) 


solution by an arbitrary scale running up to 220. While the den- 
sity of the salt solution was practically the same for all tests (speci- 
fic gravity 1.18 to 1.20), the density of the solution when mixed 
with the penstock water and passing down the penstock changed 
decidedly. This is shown by the relative length of the introduc- 
tion and final curves, the final curves being three times as long as 
the introduction curves. And when the varying velocities of the 
water are considered, we find that the dilution is at least six times 
as much, i.e., the density of the solution is only one-sixth as much 
at the lower end of the penstock as at the upper end. Since all of 
the solution actually passing the introduction electrodes was never 


SS 4-5 mbupal git 2.0 
Enlarged Section of Curve: 


2 Copper Electrodes-Pointed Edges 
and Backs. 
Effective Area 142%6=9sq.In. 
Separated 'y in. 
—Circuit 1/0 Yolts-60 Cycles 
35Gallons of River Water to which 
Salt was added to change the 
Resistance.Corrected to /6 Deg. Cent: 


Tr b “y —- 


0 20 40 60 80 100 120 140 100 180 200 220 
Salt by Weight Fi -5 
Per Cent of yard a? (Multiply by 6x10 ) 


Fic. 29 Curve or Satt Density ON CONDUCTIVITY 
over ten on the scale of density, and the curve from zero to ten is 
practically a straight line, any error caused by varying density 
of salt solution at the different electrodes can be ignored. 


RESULTS 


101 Since these tests were mainly to determine the best ap- 
paratus and methods to be used in the efficiency tests on unit 
No. 7, no summary of results has been prepared. Summaries in- 
dicating the accuracy of the method are to be found in the sections 
on laboratory investigations. All of the result sheets shown are 
comparisons of results using various apparatus and methods. 

102 In the summaries of laboratory investigations the ac- 
curacy of the salt velocity method in round penstocks has been 
shown; in other tests its accuracy in rectangular flumes and 
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conduits has been proved, but its accuracy in a penstock like that 
of unit No. 7, at Grand Mere, remained to be settled when these 
investigations were started in October, 1922. Since there was no 
standard of measurement for the discharge of unit No. 7 to com- 
pare the results with, many check runs were made. The best 
checks were where runs and comparisons were made between 
different apparatus and different methods, like checking the results 
with composite curves by a traverse or point measurement. 

103 The general plan of these investigations was a cut-and- 
try process of elimination. The trials and elimination of apparatus 
are briefly as follows: The mixing and pressure tanks were satis- 
factory. Increasing the size of the filling pipe of the mixing tank 
saved time in filling the pressure tank, and twice the capacity of 
each tank would have saved more time during some runs. The 
distribution system of piping and pop valves was satisfactory with 
one exception. The fire hose, first used as leaders, was not strong 
enough or stiff enough, and it was replaced by iron pipe. A com- 
parison of results with hose and pipe will be found in Table 6. 


TABLE 6 COMPARISON OF DISCHARGES, USING FIRE HOSE AND 
USING IRON PIPE FOR LEADERS ON SALT DISTRIBUTION. AT 


80 FT. HEAD 
(Other conditions the same) 


Run No. No. of tests Gate, per cent eu. ft. per sec. 


150 10 80 2783 Hose 
186 5 80 2713 Pipe = — 2.5 per cent 
158 10 40 1382 Hose 
193 5 40 1363 Pipe = — 1.4 per cent 


104 Three or four types of introduction electrodes were tried. 
The early ones were too small and too close to the pop valves and 
recorded the salt from too small an area to be accurate. The last 
set of six long introduction electrodes were reliable and accurate. 
Table 7 is a comparison of results with old and new introduction 
electrodes. The new electrodes indicate slightly greater dis- 
charge. This is accounted for by the theory that some of the fast 
water went around the old introduction electrodes because they 
were of small area and too near the pop valves. 


TABLE 7 COMPARISONS OF DISCHARGES, USING OLD AND 
USING NEW INTRODUCTION ELECTRODES 


(Iron pipe leaders in each case. At 80 ft. head.) 


Run No. No. of tests Gate, per cent Q, 
cu. ft. per sec. 
186 5 80 2713 Old electrodes 
185 5 80 2739 New electrodes = +0.6% 
183 5 40 1362 Old electrodes 
193 5 40 1363 New electrodes = + 0.1% 


105 Table 8 gives a comparison of results by using various 
combinations of final electrodes at 49.5 per cent gate opening. 
This table also shows the results obtained by giving each elec- 


C. M. ALLEN AND E. A. TAYLOR 317 


trode one-third the volume of the penstock and by an arbitrary 
computation of the volume for each electrode, based on dividing 
the penstock by lines from the centers of the piers at the upper 
end of the penstock to points midway between the final electrodes. 
No method of accurate determination of these three volumes is 
known, but it is quite certain that they are not equal. 


TABLE 8 COMPARISONS OF DISCHARGES COMPUTED BY USING 
VARIOUS FINAL ELECTRODES. AT 80 FT. HEAD 


Run No. of Gate, —@ 


per cu. ft. Methods of conrputing Electrodes 

No. tests cent per sec. — : : 
1 6 49.5 1653 Estimated volumes, 3 threads 5 coppers paired with 1 steel 
1 6 49.5 1683 Equal volumes, 3 threads at A, B, & C. (Parallel) 


3 curves to compute. 


{55 1 steel and 1 copper paired 
6$ 58 49.5 1686 Bie 15 threads | at 15 points. .15 curves 
V6 : to compute total. 

5 : 2 steels paired (no coppers) 
8 13 49.5 1657 Estimated volumes, 3 threads 
8 Ls 49055. 1649 Equal volumes, 3 threads Oe a C. 3 curves to 


2 steels paired and 1 steel 
13 7 49.5 1654 Total vol. of penstock used ee hes oF oe oer 
in parallel. 1 curve to 
Average 1664 compute. 


106 The maximum and minimum values for discharge shown 
in Table 8 vary by about one per cent from the average. Elimi- 
nating the values computed with threads of equal volume, the 
values remaining are 1653, 1654, and 1657, which are close checks. 

107 Table 9 shows the volumes of the above threads and of 


TABLE 9 VOLUMES USED FOR PENSTOCK. SALT VELOCITY TESTS 
ON UNIT NO. 7, OCT. AND NOV., 1922. 


(Final electrodes at cross-section C in every case. Various signals for 
salt introduction.) 


Volume 
A Length Total 
ee ee horizontal, Thread ee volume, 
6 iff. Samet cu. ft. 
Handwheel and gage A 9093 ; 
on pop valves 48.00 B 10679 28817 
C 9045 
A 8775 
Old introduction elec- B 9465 
trodes, Nos. 27 to 32 47.80 Cc 9051 28691 
inc x 690 
we 710 
Using both of above A 9021 
Aignalis Average 47.90 B 10662 28754 
of two Cc 9071 
New introduction A Not 
re cia Nos. 34 46.19 S computed 27677 


all other volumes used between various stations and electrodes. 
108 Table 10 shows comparisons at four different gate openings 
between results with one composite curve and with three or five 
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separate curves from the final electrodes A, B, C, X, and Y; 
is, with three or five shots to complete the measurement. 
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that 
These 


comparisons show very little variation between traverses and 


TABLE 10 


COMPARISON OF DISCHARGES TAKING FINAL ELEC-— 


TRODES AS A TRAVERSE, 4, B, C, X, AND Y, SEPARATELY (3 
OR 5 CURVES) AND AS A COMPOSITE, 3 OR 5 ELECTRODES 


CONNECTED IN PARALLEL. (1 CURVE.) AT 80 FT. HEAD 
Run No. of Gate, Phy 
No. tests per cent per sec. 
1 6 49.5 1653 Avg. 1655 Traverse = 100% 
8 13 49.5 1657 A,B&C Traverse 
13 7 49.5 1654 A,B&C Composite = —0.1% 
105 25 75 2585 A, B,C, X,& Y Traverse = 100% 
1g6 3 75 2618 A, B, C, X,& Y Composite = +1.3% 
18 
188 14 80 2722 A,B, &C Traverse = 100% 
189 
bas 5 80 2730 A,B, &C Composite = +0.3% 
90 
te | 17 40 1370 A,B, &C Traverse = 100% 
192 
193 5 40 1363 A,B, &C Composite = ys, 
Average = Composite = +0.25% 


composites, the average for the four gate openings indicating that 
the discharge by composite is one-quarter of one per cent in excess 
of the discharge indicated by the traverse. 

109 In connection with these traverses, the direction and veloc- 


A B 
3.69F¢ per Sec 16369 
Length of 
Oe ee 38/ 15| 366 
A-56.66 Ft 
B-56.75 Ft. 
C-58.48 Ft. 375 if ee 
355 13|300 
343 12285 
wei! 


These velocities ae. average velocities along the threads, 
te., fFO177. introduction to hy al electrodes, bur they are nor 
instantaneous velocities at the above paints. 


Fie. 30 SxercwH SHow1ne VELocITIES IN PENSTOCK ALONG THE THREADS 
oF THE 15 CopprR Srries Usep IN TRAVERSING PenstocK aT CRoss- 
SrecTION C 


ity of flow in the different parts of the penstock were studied. 
Fig. 30 shows the location of all electrodes used in making these 
traverses, together with the velocities in feet per second at each elec- 
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trode for one gate opening. Fig. 31 shows the curves of these 
velocities in the penstock. These velocities are not instantaneous 
velocities, but are average velocities between the introduction elec- 
trodes and the final electrodes. These curves are plotted for both 
horizontal and vertical cross-sections of the penstock and indicate 
clearly that the fastest water is at the top and at the left, or A, 
side of the penstock. 

110 The dispersion of the salt is indicated in Fig. 32. This 
shows the results of introducing salt at one bay only and taking 
the final curve from each electrode separately. Five shots were 
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Fig. 31 Traversrt Curves, LAURENTIDE PowrrR Company TESTS 


taken with salt introduced at each bay. The extent of this dis- 
persion or distribution is greater at the smaller gate opening when 
the velocity of the water is slower. At 50 per cent gate opening, 
when salt was introduced at B, the center bay, its effect showed 
at all the final electrodes except Y. This is consistent with the 
traverse curves showing faster water on the X-side than on the 
Y-side. 

111 As one phase of this investigation, speed runs were made. 
The generator load was delivered to electric boilers, making a 
wide range of speed possible. The curves of discharge on r.p.m. 
for various gate openings are shown in Fig. 33. These speed 
curves are very consistent with the speed curves derived from the 
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Holyoke tests of the I. P. Morris Company’s model runner. It 
was possible to pick up slight differences in discharge on change 
of speed, these differences being as low as three second-feet with 
total discharges running up to 3000 sec-ft. The bumps in the 
curves at 65 per cent and 75 per cent gate opening are duplicates 
of those shown by the Holyoke tests. The results of these speed 
runs gave added confidence to this method of water measurement, 
and the resulting speed curves were used in reducing values for 
the efficiency report on unit No. 7. 

112 Early in October the velocity of the water near the roof 
and floor walls of the penstock was determined by the fifteen 
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2 A B C. Nie 


50% Gate 


75% Gate 


Introduction Bays 


Fie. 32 Sxerce SHowrne DispERsION oF SALT 


(Seconds required for passage of salt from introduction electrodes in one bay only 
to various final electrodes at two gate openings.) - 


12-in. copper electrodes attached to the long steel plates at A, 
B, and C, but the velocity near the side walls was not accurately 
determined. Early in the investigations, two short electrodes, 
X and Y, close to the side of the walls of the penstock were placed 
in the same plane as the three pairs long electrodes A, B and C, 
which had been installed from the beginning. Table 11 compares 
tests with and without X and Y. 


TABLE 11 COMPARISONS SHOWING EFFECT OF NEW SIDE ELEC- 
TRODES X AND Y USED WITH ELECTRODES A, B, AND C, AT 
80 FT. HEAD 


Run No. of Gate, 


cu. ft. —Final Electrodes— 
No. tests percent per sec. 
26 10 75 2643 A, B, C, X, and Y parallel 

101 24 “a 2647 Tee ee ae me te 
103 3 ae 2681 ae ae “oe oe ae 4e “ae 
106 3 “ 2620 Rr Cece So ah eek, 
107 5 oe 2639 Las “se oe 4 “és ae be 
AVOTACR a). wnsetieirats 2642 Se ny Pear Gy! Weighted for shots 


108 5 2634 A, B, and C only parallel —0.3% 


C. M. ALLEN AND EB. A. TAYLOR Sai 


113 These comparisons indicate that the adding of X and Y 
did not affect the indicated discharge because the velocity at X 
was only slightly faster than the velocity at A, while the velocity 
at Y was slightly lower than that at C. The average of five runs 
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shows 2642 sec-ft. with the five electrodes and 2634 sec-ft. with 
lectrodes. 
ae Table 12 is a comparison of the time required for the 
passage of salt from the introduction electrodes to X and to A, 
as well as to Y and to C. The time to X was 1.2 per cent faster 
than the time to A, the nearest long electrode, while the time to 
Y was 3 per cent slower than the time to C. Averaging, we find 
that the time to X and Y together was less than 1 per cent slower 
than to A and C together. Since the areas and the volumes assigned 
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to the electrodes A and C are twelve times the areas and volumes 
assigned to X and Y, the effect of X and Y on the total discharge 
computed from either traverse or a composite curve is less than 


TABLE 12 COMPARISON OF TIME REQUIRED FOR PASSAGE OF 
SALT FROM INTRODUCTION ELECTRODES TO FINAL ELEC- 
TRODES A AND C AND TO X AND Y 


Gate, " Gate, 

Her icent ; Seconds to per cent yore ae 
50 14.63 14.58 50 16.34 15,,67 
60 13.20 tsibo 60 15.80 15.61 
65 11.09 11.63 65 13.80 13.11 
67.5 11.64 11.02 67.5 13.03 13.03 
75 9.98 10.26 (#2) 11.97 10.92 
80 9.49 9.85 80 11.76 10.92 
Motalsscces cs 70.03 70.89 otals:. 96 sear 82.70 79.26 
Seconds for X = —1.2% Seconds for Y = +3.0% 


Average seconds for X and Y = +0.9% 


one-tenth of one per cent, which checks the comparison in Table 8. 
After this was determined the short electrodes X and Y were 
abandoned. 


CoNCLUSIONS 


115 The greatest value of these investigations was the demon- 
stration, under field conditions, that the tests by the salt velocity 
method as applied to the setting at Grand Mere could be repeated 
and checked indefinitely, and that the tests could be repeated 
with varying apparatus and equipment and with various methods 
of computation, and still check. These tests tried out and elimi- 
nated several sources of error, and showed that the final apparatus 

.and methods used in the efficiency tests were an improvement 
over the original apparatus first installed. 

116 With all the various apparatus and methods used, the - 
maximum variations shown in the comparisons were + 1.3 per 
cent and -- 2.5 per cent, with an average variation of one-tenth 
of one per cent for the whole. With improved apparatus the 
maximum variations were reduced. For all comparisons made 
between tests at different times the discharge values were reduced 
to a common head. 


V — 1922 COMMERCIAL TESTS 


117 During the fall of 1922, ten successful commercial tests 
were made using the salt velocity method. On all of the tests 
the object was the measurement of the discharge through the 
penstock of a power plant. On seven of the tests the discharge 
values were used in computing the efficiency of the units, on two 
tests the discharge values were used to calibrate meters, and in the 
tenth test the values were used for determining the efficiency 
of the unit and also for calibrating a Johnson valve to be used as a 
venturi meter. 
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APPARATUS AND Mptuops 


118 The plants under test were all hydroelectric power plants. 
The sizes of penstocks used were: 


Two tests — Riveted steel 11 ft. diameter, 1000 ft. long. 
Two tests — ce o Das exe 5 500 ‘ ad 
Two tests — . A es m4 POO eed “Oe 
One test — Reinforced concrete 20 + “ SOOE ah ** 


Three tests —Concrete. Rectangular tapered, 10 to 70 ft. long. 


119 The tanks used varied from 150 to 1200 gal. in capacity 
and the salt pipes from 2 to 4 in. in diameter. Fig. 34 shows one 
of the large installations. 

120 Salt Introduction. In all cases the salt solution was con- 
trolled by a quick-acting valve in the supply pipe leading from 


Fic. 34 Sautt TaANnKs AND DISTRIBUTION PripEs FOR Test OF 50,000-HP. 
UNIT 


the pressure tank, and was introduced into the penstock through 
pop valves. In the steel pipes one 23-in. pop placed at the 
center of the penstock entrance was used. In the concrete pen- 
stocks multiple pops of various sizes were used, as many as 24 
being installed for one penstock. 

121 Electrodes. The electrodes were of various forms and 
sizes, and both steel and copper were used. For insulation of 
these electrodes horn and fiber, hard and soft rubber, and porcelain 
were used, and on the later forms waterproof shellac was freely 
used on all contact surfaces. The spacings between pairs of 
electrodes varied from 7, in. to 4 in. In most cases two plates 
were used for each set, but in the others three parallel plates were 
used to get more surface and a greater deflection of the meter 
needle. Fig. 35 shows a design using three copper plates. 

122 For the circular penstocks one set of electrodes was used 
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for finals at the lower end, but on the rectangular penstocks 
multiple sets were used to cover the cross-section. In one case a 
complicated system of electrodes was used. By a combination 
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Fie. 35 SKetcu oF 3-PLy ELECTRODE 


of long steel and short copper plates 35 electrodes were placed 
in one plant to cover a cross-section of 335 sq. ft. area. Figs. 36 
and 37 show two forms of electrodes used on a test of unit No. 6 


Fie. 86 EvLecrropr Usep In Concretr Prnsrock 20 Fr. IN DIAMETER 


for the Shawinigan Water and Power Company, at Shawinigan 
Falls, Quebec. 


123 For recording the introduction of salt at the upper end 
of the penstock, both switches and electrodes were used. On 
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all the long pipes a contact switch was installed on the handle 
of the quick-acting valve, but on all the short penstocks upper 
electrodes were placed close to the pop valves. In several cases 
the upper electrodes were fastened to the pop valves. 

124 Meters. All introduction signals ‘and all electrodes were 
wired to the recording meters. These meters were the same 
instruments as were used in the 1922 field investigations. Alter- 
nating current at 110 volts was used in these circuits, but at times 
portable transformers were used to change the voltage and current 


Fic. 37. Evecrroprs Usep IN GATHERING TUBES 


in regulating the deflection of the meter needle and the height 
of the curves. 

125 Timing. On some of these tests a standard seconds- 
pendulum clock was wired to the recording meters, and by means 
of batteries, a relay, and a spark coil, jump-spark dots recorded 
seconds on the chart. For the remainder of these tests no clock 
was available and a seconds pendulum with a magnetic weight 
was used. This pendulum was made in the field, and during the 
first test did not beat exact seconds, making a time calibration 
necessary. For all the later tests the pendulum was adjusted to 
beat exact seconds and was frequently checked. 
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126 Standards of Measurement. No standards of water measure- 
ment were employed on these tests and no other methods used 
except when a meter was being calibrated. At one plant the 
same unit was tested by the Gibson method, and the final curves 
by the two methods checked exactly along the range of high effi- 
ciency and only varied slightly at the lower gate openings. 

127 Computations. Prior to a test the volume of a penstock 
was always accurately determined from plans and checked by field 
survey. 

128 When the salt introduction was recorded by a signal 
switch on the quick-acting valve, time was computed from a 
point midway between the opening and closing of that valve. 
For all curves indicating the salt passing the electrodes, the time 
was computed to the center of gravity of the curve or to the 
center of area as indicated by the line of jump-spark dots through 
the watt-hour meter. From 5 to 10 shots or charges of salt solution 
were used for each run, and the average of all the shots during a 
run was used in computing the discharge. 


RESULTS AND CONCLUSIONS 


129 The results of the tests on the long, round penstock were 
consistent and confirmed the accuracy and reliability of the 
method applied to such penstocks. They also justified the various 
apparatuses and methods of computation used on the rectangular, 
tapering penstocks, but they did not shed any additional light 
on the accuracy of the method as applied to that type of penstock. 

130 However, one of these tests on a large unit in Canada did 
confirm the accuracy of the salt velocity method on rectangular 
converging tubes. The penstock for this unit was 500 ft. long with 
a uniform diameter of 20 ft., and was fed by four rectangular 
converging tubes and one elliptical diverging tube. During these 
tests it was possible, at five different gate openings, to compare 
the discharge measured in these five tubes with the same discharge 
measured in the main penstock of uniform cross-section. The 
greatest variation was 0.7 per cent, and the average of all dis- 
charges checked exactly. These four rectangular converging 
tubes were typical of the penstocks at Grand Mere, and this 
checking of results gave added assurance to the accuracy of the 
tests on rectangular tapering penstocks. 


VI— 1923 LABORATORY INVESTIGATIONS 


131 Following the field investigations at Grand Mere, Quebec, 
which were completed in November 1922, another set of laboratory 
investigations was made at Worcester, in January, February, and 
March, 1923. The main object of these investigations was to 
determine the degree of accuracy of the salt velocity method 
against the weighing tank, and particularly the accuracy of the 
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apparatus and methods of computation used during the field 
and efficiency tests of 1922. 


APPARATUS AND Mprrnuops 


132 Plant. An 8-in. steel pipe, reduced to 6 in. and 4 in., 
and branching from the main penstock of the Alden Hydraulic 


Z'Salt FA D CHB we valve 
Iryection - 8" Steel Pipe —>~ IR, 
Pipes @ sa=------“Flanges ()) 
ie “Flanges ; 

6’ Valve “4 : Teed 
lz Pipes Weighing 

Tank 
Sketch rot to scale 30,000 lb. 


Capacity 


Fic. 38 SkercH or 8-1n. Stern Pies, Worcester Ponyrecunic 
InstTiTuTE LABORATORY 


Laboratory, was used for these later investigations. Fig. 38 shows 
this pipe and the stations used in these tests. 

133 Apparatus. The brine was mixed in a 50-gal. open mix- 
ing tank, and a hand force pump was used for the salt injection 
through 3-in. pipes. These pipes entered the 8-in. pipe at two 


- Fic. 89 Execrropms Usep 1n Laporatory, 1923 


stations, F and G. F was 3 ft. downstream from a 90 deg. bend in 
the 8-in pipe, and G was 1 ft. upstream from the same bend. Both 
of these injection pipes were controlled by valves, and pop valves, 
open ends, and perforated pipes were used for the salt distribution. 

134 Various electrodes were used. Two wire screens (4-in. 
mesh), spaced from 4 in. to 3 in. apart, were used at stations 
A,B, andE. A traversing electrode was made of ?-in. by 7'g-in. cop- 


per plates, with 3 in. of the plates exposed. Four of these plates, 
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spaced ;, in. apart, were placed parallel to each other. This 
electrode attached to a pitometer rod was used at station C. 

135 The so-called “‘flat” electrodes were made of two #-in. by y'g- 
in. copper plates 8 in. long, placed parallel and spaced § in. apart. 
These electrodes were used at stations A, C, and D. When used 
at station A these plates were fastened between the pipe flanges, 
and when used at C and D they were fastened to pitometer rods 
and inserted through stuffing boxes. 

136 The so-called “improved” electrodes were made of the 
same plates as the flat electrodes, but with different spacing. The 
#-in. spaces at the ends 
remained unchanged, but 
the center spacing was 
increased to 4 in. and to 
2 in. These electrodes 
were used at stations A, 
C, and D. Photographs 
of four electrodes are 
shown in Figs. 39 and 40. 
Fic. 40 Improvap ELectropr UsEp IN 137 In order to simu- 

Laporatory, 1923 late the conditions in the 

unit No. 7 penstock at 

Grand Mere, where the perpendicular final electrodes were at an 

angle with the direction of the water flow, one improved electrode 

was made of longer plates (11 in.), which was used at station H. 

Station H was 4 in. below station C and is the center of this 

longer electrode when inserted at station C and bent downstream 
at an angle of 45 deg. 

138 Various combinations of all these electrodes were used 
during the tests. 

139 The electrodes were wired to a Bristol alternating-current 
recording ammeter of five amperes capacity. Current at 110 volts 
was used, and the chart was motor-driven, either by electric or 
by phonograph motor. The electrodes were also connected to a 
recording wattmeter, and a polyphase watt-hour meter. This 
watt-hour meter was a part of a device developed by Mr. Thi- 
beault of the Laurentide Power Company and called an ‘‘inte- 
grator.” Since 110-volt, 60-cycle, alternating current was used 
in the salt electrode circuits, it was necessary to use alternating- 
current instruments. The wattmeter and the watt-hour meter 
were of the commercial polyphase type (although single-phase 
current was used) with the two potential elements in parallel and 
the two current elements in series to double the torque and aug- 
ment the quickness of the instruments to respond to changes in 
the load. The recording ammeter and recording wattmeter were 
of the ordinary type and need no special mention, but the action 
of the integrator requires detailed description. 

140 The object of this integrator is to determine by exact, 
simple, easily workable, and graphical means the instant when 
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one-half of the salt-solution charge has passed the electrode. A 
commercial watt-hour meter is connected with its current coil in 
series with the electrodes and with its potential coil energized by a 
constant voltage. On the rotating shaft of the meter is mounted 
a simple circuit interrupter giving 24 interruptions per revolution 
to its circuit, which is a local direct-current circuit through the 
actuating coil of a simple contact-opening relay. These contacts 
in turn energize the low-tension side of a spark coil of which the 
high-tension leads are connected to a spark gap. A spark punc- 
tures the recording-wattmeter chart at every interruption of the 
interrupter circuit. 

141 The spacing between punctures will vary inversely as 
the speed of the watt-hour meter disk, and consequently inversely 
as the conductivity of the liquid between the electrodes. While 
water only is passing the spacing should be uniform; but while 
the salt solution charge is passing the spacings become smaller. 
This corresponds to the curve of the recording instrument, the 
ordinates of which are low and uniform under the former condition 
and higher under the latter. 

142 The recording wattmeter gives a measure of the amount of 
salt in the charge (assuming constant velocity and a straight-line 
relationship between salt density and conductivity) in the area of 
that part of the curve lying above the horizontal line representing 
the conditions when no salt is passing. 

143 A measure of the salt passing is also recorded by the in- 
tegrator. The horizontal line on the chart, indicating a uniform 
condition of conductivity of normal water, is here replaced by its 
exact equivalent in a series of uniformly spaced punctures. Con- 
ductivity in excess of this value occurring during the passage of 
salt demonstrates itself proportionally by the increase in frequency 
of the punctures. 

144 Referring to a chart containing a complete record of the 
passage of a salt charge by the integrator, Fig. 26 or 27, the time 
when the solution started to pass and the time it left the electrodes 
are noted by observing when the spacing of the lower line of punc- 
tures changes. Measuring the distance between these two (initial 
and final) points and dividing by the length of the normal spacing 
determines how many punctures would have occurred if no salt 
had passed. By counting the actual number of punctures occurring 
during the period of salt passage just selected and subtracting 
from this number the number derived as above, representing the 
number of punctures due under normal conditions of flow of 
water with no salt added, the number of excess punctures is de- 
termined. 

145 The resultant figure of excess is thus proportional to the 
amount of salt in the charge. One-half this figure of excess is also 
proportional to one-half the quantity of salt in the charge. There- 
fore, if that point on the chart is found where the actual number of 
puncture spacings minus the number due to the water before 
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dosing with salt, equals one-half the excess of the total passage, 
the moment is established when one-half of the salt charge has 
passed. To facilitate the determination on the chart of this point, 
a simple portable scale was adopted which greatly reduced the 
amount of work required. 

146 To provide a time scale on the charts of the recorders of 
all types, the same device of puncturing the sheet with a jump 
spark was employed, the spark being controlled by a relay actu- 
ated in turn by a contact-making clock that marks one-second 
intervals on the chart. A wiring diagram is shown in Fig. 23. 
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r=] bp Iryection ea Esha 
pes [ea 56611 I 50g (screen Electrode at A SEIT TTA 
A LC} # Traversing Electrode at 11 Ai 
r "Pipe, 0% Gates + AH 
= t Q-1400 sec -fP he sire 
Be See SL ae ee 
ection by Ferforated Pipes>< Salt hyection hy Pop 
rok s Valve | 
Q=/400 sec -ft 362 er 
8” Improved Electrode at A oy it 
Screen [Electrode at B | 
0% Gate. 8 "Pipe 
1 1 1 


Pop lryection | 
O77 Pai 


at A DEC 
\8Fipe. 100% Gate 
O=s507 sec Tt_| 


Fig. 41 Sampie Curves or Trsts ON 8-1n. STEEL PIPE 


147 The standard for the water measurement during these 
tests was a copper-lined weighing tank of 50,000 Ib. capacity. 
The scales were frequently checked with standard weights and were 
very accurate. They were also very sensitive, a difference of 
+ lb. showing on the balance arm. 


DESCRIPTION OF TESTS 


148 All of the apparatus and all observers for these tests were 
in one room. , One observer operated the salt pump. Another 
operated the switches and the recording meters and directed the 
tests. A third man operated the weighing tank and kept the 
data noted. During a part of the time a fourth observer was 
used in computing curves and changing pipe and electrode con- 
nections. 

149 All tests were numbered and recorded against the time of 
day, and the necessary notes were kept on both the meter charts 
and the data sheets. Sample curves are shown in Figs. 41 and 
42. 
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Fite,.603 
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=@ 26: 4: B48 
LENGTH... Steel Pipe usep4-§ Sp°6g size. 8"+ VOLUME! 0 TRIPS Me mescscicnoult 
| Teniliace Time | Electrodes 
Run Me % Day | | 
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103 3322 200 Ave.| 7.77116 .58. |, +3 
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150 Including trials, over 1300 individual charges of salt solu- 
tion or shots were used, which were grouped into 161 runs. These 
runs were segregated into 45 groups, based on the stations. the com- 
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Fic. 44 Traverse Curves For 8-1n. STEEL PIPE 
(Electrodes — 4 plates, 1 X 3-in. copper.) 


binations of electrodes, and on the method of computing the curves 
which were used. 

151 At the upper end of the 8-in. pipe, near its junction with 
the main penstock, was an 8-in. valve which was kept wide open 


TABLE 13 PIPE LENGTHS AND VOLUMES AND ELECTRODES 
USED IN 1923 LABORATORY TESTS 


Stations —_—— Electrodes —— Tene. Vorae 
AtoB Sereen at A Screen at B 22.57 8.142 
AtoB Flat (or Imp.) at A Screen at B 22.53 8.130 
AtoC Flat at A Flat at C 20.91 7.548 
AtoC Screen at A Flat at C 20.95 7.560 
AtoD Sereen at A Flat at D 9.81 3.540 
AtoD Flat at A Flat at D 9.77 3.526 
Ato E Screen at A Screen at E 30.20 9.913 
Ato E Flat at A Screen at E 30.16 9.901 
AtoH Screen at A Flat (45°) at H 2127 7.678 
DtoB Sereen at B Flat at D 12.76 4.602 
DtoC Flat at D Flat at C 11.14 4.022 
Dtok _ Flat at D Screen at E 20.39 6.377 
FtoB Pop at F Screen at B 23.90 8.626 
F toC Pop at F Flat at C 22.28 8.040 


Area of 8-in. pipe = 0.361 sq. ft. 
Volumes determined by weight of water contents. Checked by tape. 


during the tests. The gate opening was controlled by a 4-in. 
valve over the weighing tank at the lower end of the pipe line. 
This valve was always set at least two minutes before a test to 
insure a uniform rate of flow, and for the same reason the swivel 
pipe used to turn the flow in or out of the tank was at the same 
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angle with the perpendicular at each position and was locked in 
place. As a rule, all runs were repeated at three gate openings, 
quarter, half, and full. 

152 When starting a test run, the weighing tank was emptied, 
the waste valve closed, and the tank was carefully weighed. On 
the next even minute, the operator turned the water into the 
tank and a few seconds later the recording meters were started 
and the first shot of salt was injected. Usually from five to ten 


TABLE 14 
Length of steel pipe used, 22.57 ft. Size, 8 in. Volume, 8.142 cu. ft. 
Gate, Q, Cu. Ft. Per Sec. Salt, Average 
Run No. of eA. Salt ‘ 
per by by per per Co ae Computation Group 
No. Tests cent weight salt cent cent Injection 
Two screen electrodes at Station A and Station B. 
la 7 100 1.411 1.408 —0.2 
2a 18 LOO" te 447 1.389 —-1.7 Peaks of curves or 
oar 12 70—_ 0-970 ° =0:955 —1.5 Perforated pipe maximum deflec- + 1 
4a 9 25 0.391 0.387 —1.0 tion of meter 
5a mee 25 0.3902 0.389 —0.5 
55 —1.2 
la Fe 100 1.411 1.408 —0. 
2a 18 100. «1.411 1.399 —0.9 Center of gravity 
3a 12 70 0.970 0.973 +0.3 Perforated pipe of curves (by 
4a 9 25 0.391 0.389 —0.5 eye) 
5a 9 25 0.391 0.3894 +0. 
55 —0.2 
143 «10 TOO 1.356. Bles7Gu% -- 155 
144 10 oe 1 ean F as +0.9 C : ‘ 
145 10 5 0.7 .702 —1.0 enter of gravity 
146 =©10 25 0.442 0.449 +41.6 Pop valve { (by eye) \44 
147 10 25 0.443 0.445 +0.5 
148 10 60> 0.709. "02701 —1.1 
60 a : 


Screen at Station A. 8-in. improved electrode bent downstream at angle of 45 deg. at 
Station C. (H) Length pipe used, 21.27 ft.— Sin. +d. Volume, 7.678 cu. ft. 


149 +10 D05 (Ons145 On71S5™ -f-026 
150 =10 DOT OTT14. 08712 —0.3 
151 10 25 0.396 0.398 +0.5 


Center of gravity \ 45 
152 10 25 0.398 0.397 +0.3 | 


Pop valve { (ewer) 


153-10 1600 1.326 1.322 —0.3 
154 10 100 1.322 1.318 —0.3 


60 +0.1 
Average of 3 groups (omitting group 1 on account of peaks) = + 0.11 per cent. 


shots constituted a run, but for the traverses as many as forty 
shots were made for one run. On the next even minute following 
the last shot of the run, the tank operator turned the flow of water 
out of the tank into the waste pipe and again the tank was carefully 
weighed. The intervals between the two weighings varied from 
three to twenty-five minutes. 


CoMPUTATIONS 


153 The length and diameter of the various sections of pipe 
used were carefully measured and the volumes between the sta- 
tions computed, but these figures were used only as preliminary 
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TABLE 15 
Length of steel pipe used, 22.57 ft. Size, 8in. Volume, 8.142 cu. ft. 
Gate, @, Cu. Ft. Per Sec. Salt, Average, 
soa NaS by per per I ay at Computation Group 
ee oe 8 cent weight salt cent cent ENE ae 
Two screen electrodes at Station A and Station B. 
?) 12 100° «15405 «1.382 —1.7 Center of area by 
3 8 50 0.693 0.682 —1.6 Perforated pipe dots including all + 3 
4 6 25 0.461 410.458) = 057, drag 
26 1.4 
2 12 100 1.405 1.404 —0.1 
3 8 50 0.693 0.690 —0.4 Perforated pipe {Center of area} 4 
4 6 25 0.461 0.461 0.0 Mu cd 
26 —0.2 
5 8 100 1.385 1.396 +0.8 
6 6 50 0.773 0.770 —0.4 
8 8 25 0.456 0.456 0.0 Center of area by 
9 13 100 1.896 1.393 —0.2 Pop valve watt-hour meter; 5 
10 6 66 0.886 0.884 —0.2 (dots) 
11 6 50 0.708 0.710 +0.3 
12 5 25 0.410 0.413 0.7 
53 +0.1 
8 8 255) 903456 07451 —0.9 
9 13 100 1.396 1.408 +0.9 Center of area by 
10 6 66 0.886 0.893 +0.8 Pop valve watt-meter 
11 6 60. 0:708 0.712 +0.6 curves (eye) 
12 5 25 0.410 0.414 +1.0 
38 +0.5 
23 if 100 1.410 1.414 40.3 
24 4 100 1.410 1.421 +0.8 Gan f 
25 4 50 0.736 0.734 —0.3 Open pipe at oahe : ae 7 
26 4 50 0.736 0.739 +0.4 Station F Cite oe 
O70 C4. 85 5 0.445 80rd Ors (dots) 
28 4 25 0.445 0.445 0 
27 +0.1 
Average of 4 groups (omitting group 3 on account of drag) = + 0.15 per cent. 
TABLE 16 
Length of steel pipe used, 22.57 ft. Size, 8in. Volume, 8.142 cu. ft. 
Gate, Q, Cu. Ft. Per Sec. Salt, Average 
Run No. of sea - 7 Salt = 
per by by per per hay arc Computation Grou 
No. Tests cent weight salt cent cent Injection 2 
Two screen electrodes at Station A and Station B. 
a ° 1 eee aeae = Open pipe at ee ne of area \ 8 
40 5 25 0.431 0.431 0.0 Station G without drag 
18 —0.4 
41 5 100 1.404 1.399 —0.4 Perforated pipe { Center of area 9 
Le 100 1.406 1.405 -0.1 at Station G without drag 
10 —0.3 
86 5 50) 0/729" 0.727 -—0.3 
87 5 TOO 1s. S70 L375 +0.4 Pop valve Center of area 10 
9056 LOOM ogee OCU, —0.1 
16 0.0 
92 5 LOOM PALS (Seale von EEO 
94 7 SOpe (OR ALOE OG —0.4 Pop valve Center of area 11 
95 aD 25 0.427 0.428 +0.2 
17 0.0 : 
141 6 100 Partie 309 —0. 
142 2 25 0.427 0.427 ee \ Pop valve Center of area 12 
“8 —0.3 


Average of 5 groups = 


Average of 3 sheets (Nos. 2, 8, and 4) all with two screen electrodes at A and B (12 
51 runs and 387 shots), = + 0.07 per cent. a Rperetna 


— 0.18 per cent. 


Run 
No. 
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values. A more accurate method of determining the volume, that 
is, by weighing the same volume of water, was used for the final 
computations. The section of the pipe was blanked off except for 
vent holes and filled with water. This water was carefully drawn 
off into a tank and weighed on calibrated scales. ‘Temperature 
corrections were made, and the operation repeated and checked. 


TABLE 17 
Length of steel pipe used, 20.95 ft. Size, Sin. Volume, 7.560 cu. ft. 
Nobat Gate, Q@, Cu. Ft. Per Sec. Salt, Average, 


per by by per per Salt Cc ; 
Tests cent weight salt cent cent Injection Sa ct wah ae 
Screen at Station A. S8-in. improved electrode at Station C. 
6 50 0.622 0.627 5 
10 100 1.307 1.410 40.9 } Pop valve Center of Area = 13 
16 +0.9 
5 100 1.402 1.418 +1.1 
5 50 0.740 0.741 +0.1 Open pipe { Center of area \i4 
6 25 0.449 0.452 +0.7 without drag 
16 +0.6 
3 ae err ere ays | Perforated pipe been of area } 15 
7 100. 1.407 1.404 “0.2 | above 8-in. ell. without drag 
20 EON 
6 100 1.407 1.415 +0.6 Perforated pipe { Center of area 
ch 50 0.713 0.718 +0 .7 Gel oa il ‘th a 16 
5 25 0.425 0.429 40.9 BENE: Aedg RO ATIBE 
18 “-Omd 
6 50°  0.729° 0.727 —0.3 ) 
6 100 1.370 1.362 -—0.6 +t Pop valve Center of area 17 
uD 100 1.372 1.377 +0.4 J 
17 —0.2 
Average of 5 groups (14 runs and 87 shots) = + 0.42 per cent. 
Sereen at Station A. 8-in. flat electrode at Station C. 
. ea ae pane i 3 Perforated pipe re of gravity \ 18 
5.400.680. 6,637 62.7 and pop valve | (eye) 
17 +1.8 
Two 8-in. flat electrodes at Station A and Station C. 
5 50 0.716 0.746 +4.2 
5 100 1.307 1.345 +2.9 Pop valve Center of area 19 
5 25 0.439 0.455 +3.6 
15 +3.6 


Table 13 shows the lengths and volumes used. Fig. 43 is a sample 
data sheet of the 1923 laboratory investigations. 

154 A discussion of the various methods of computing the dis- 
charge from the curves will be found in Section III of this paper. 
In these tests on the 8-in. pipe the curves obtained were usually 
symmetrical, so that the axis of the theoretically correct center of 
gravity coincided with the easily determined center of area. Since 
the main object was to compare the results by weight with the 
results computed from this center of area as determined by the 
integrator dots, that method of computing curves was usually 


Run 
No. 


Run 
No. 


129 
130 
131 
134 


91 
96 


125 
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TABLE 18 


Length of steel pipe used, 22.53 ft. Size, 8in. Volume, 8.130 cu. ft. 


Gate, Q, Cu. Ft. Per Sec. Salt, Average, , 
ee ee by per per mapore ny Computation 
StS cent weight salt cent cent 


8-in. improved electrode at Station A. Screen at Station B. 


6 100 1.394 1.399 +0.4 

6 50° 0.721 5 20.723 +0.3 Pop valve Center of area 
6 25 0.484 0.436 +0.5 

18 +0.4 

10 100 1.401 1.392 —0.6 

- an a prs aes Pop valve Center of area 
el 100 1.404 1.411 +0.5 

28 OL 

5 25 0.424 0.428 +0.9 

5 50) OnMZ27 “O2727 +0.7 Pop valve Center of area 
eo 100 1.400 1.395 —0.4 

15 +0.4 

5 25 0.424 0.425 0.2 

480m O72. OTe, | ee | Perforated pipe | citar deat 
zo 100 =1.400 1.380 —1.4 

14 —0.8 

5 25 0.425 0.418 —1.4 

4 50". O/722"  Qve92? «401 \seeronttea pipe { een eps emi 
“5 100 (1.400 1.328 =3.9 J 2 
14 —3.1 


Average of 4 groups, consisting of 13 runs and 75 shots = — 0.01 per cent. 
Omit group 24 on account of method of computation. 


TABLE 19 
Length of steel pipe used, 22.53 ft. Size, 8in. Volume, 8.130 cu. ft. 
Gate, Q, Cu. Ft. Per Sec. Salt, Average 
No. of Poe 3 ht) Salt : 
per by by per per aes Computation 
Tests cent weight salt cent cent Injection 
8-in, flat electrode at Station A. Screen at Station B. 
10 100 1.304 1.299 —0.4 
3 Be Ban a 50.5 Pop valve Center of area 
me) 25 0.489 0.440 +0.2 
25 —0.04 
Pipe 23.90 ft. long. Volume = 8.626 cu. ft. 
Signal on pump for introduction. Screen at Station B. 
5 100 1.373 1.374 +0.1 
5 50 = On71Gm 10.713 —0.8 Pop valve Center of area 
mo) 25 0.427 0.428 +0.2 
15 —0.17 
Average of 2 groups (7 runs and 40 shots) = — 0.09 per cent. 


Two 8-in. flat electrodes at Station A and Station C. 


: Center of area 
5 50 0.716 0.717 +0.1 +0.1 Perforated pipe { with drag 


Two errors balance each other. 


Group 
20 
21 


22 
} 23 


}24 


Group 


31 
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TABLE 20 


Length of steel pipe used, 20.91 ft. Size, 8in. Volume, 7.548 cu. ft. 


Run Noes Gate, Q, Cu. Ft. Per Sec. Salt, Average, 


per by by per per 
No. Tests cent weight salt cent cent 


Salt 


Tareotion Computation Group 


Two 8-in. improved electrodes at Station A and Station C. 


es é san 0447 0.445 -—0.4 
1.381 1.386 +0.4 

117 5 100 1.398 1.388 “017 Pop valve Center of area 26 
121. 5 50 40,7281 -0N719 —0.3 

21 —0.2 
ae 5 25 0.456 0.454 -—0.4 
sg 50 Ore 0. —0.8 Pop valve Center of aren 27 
1035 100 1.404 1.408 40.3 

26 —0.2 
75 5 25 0.447 0.448 +0.2 Perforated pipe {Center of area 28 
79 5 100 381. ~ 1.368 —0.9 below 8-in. ell. without drag 

10 —0.4 
15 2 a PAE Geos yy Perforated pipe aie of area \29 
107 6 25 0.423 0.425 +0°5 above 8-in. ell. without drag 

16 +0.1 
105 5 100° i. 40b)e 01-363 —3.0 . 

Perforated pipe { Center of area \ 

106 5 50% 02725: 20.718 —1.0 = : 30 
10a 25 0.423 0.418 ae) } above 8-in. ell. with drag 

16 —-1.7 

Average of 4 groups (13 runs and 73 shots) = — 0.16 per cent. 


Group 30 omitted on account of method of computation. 


TABLE 21 


Length of steel pipe used, 20.95 ft. Size, 8in. Volume, 7.560 cu. ft. 
Runcorn of Gate, Q, Cu. Ft. Per Sec. Salt, Average, Salt 


per by by per per Zs ha Computation Group 
No. Tests cent weight salt cent cent Injection 
Traverses 


Sereen at Station A. #-in. electrode at Station C. 
13 41 25 0.416 0.420 +1.0 


te oar 50-2 -0°730-4 10:728-''--0.6—" | Pop valve Me } eee 
$0) PEE | GRO Ir ilgen ot 378) 1.1 
U3 sie —0.2 
Ai eS) e100) et399) » 1.402 > 4-072 
Giese MOG © 1,008 8.294) 078 |Pop valve pe area eee: 
50 31 25 0.409 0.410 +0.2 
73 799 +0.1 
Average of 2 groups, 6 traverses = — 0.10 per cent. 
Sereen at Station A. #-in. electrode at Station C, held at a fixed point which was 
computed from the above traverses. 

10 100 1.400 1.410 +0.4 
ee 11 50 0.727 0.727 0.0 Pop valve Center of area { Fal 
58 10 25 0.439 0.443 0.9 
aS 31 +0.4 


59 10 100 1.397 1.423 
60 10 50 0.723 0.729 
61 10 25 0.434 0.426 


3 30 +0.3 
Average of 2 groups, 6 points = + 0.37 per cent. 


| Pop valve Center of area { he 


Ask 
Or 
00 00% 
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followed. However, other methods of computation, such as 
curves by other meters, using peaks of curves, center of gravity of 
curves as determined by eye, with and without the drag at the 
ends of the curves, as well as the curves and dots made with poor 
salt-injection pipes, such as an open-ended pipe and a perforated 
pipe instead of a pop valve, were all used to determine the amount 
of variation. 

155 As in the laboratory investigations in 1922, when the 
salt velocity method was compared with results by weir and 


TABLE 22 
Length of steel pipe used, 9.77 ft. Size, 8 in. Volume, 3.526 cu. ft. 


Gate, Q, Cu. Ft. Per Sec. Salt, Average, _ : F 
Bie NO. ef per ee by per per ial, Computation Group 
oO. *eStS cent weight salt cent cent 


Two 8-in. improved electrodes at Station A and Station D. 
114 5 100 1.406 1.410 +0.3 +0.3 Pop valve Center of area 36 


Two 8-in. flat electrodes at Station A and Station D. 


122 5 50 0.716 0.744 +4.0 
123 5 50 0.716 0.742 +3.3 
nee 2 i a ee ieee ae Pop valve Center of area 37 
132 5 25. 0.4389 454 +3.4 
133 5 25 0.439 0.454 +3.4 
30 a4 
125 5 50 0.716 0.717 +0.1 +0.1 Perforated pipe ieee PL rooes }3s 
Screen at Station A. §8-in. flat electrode at Station D. 
134 5 25 0.439 0.454 +3.7 
ie a Aieee BE ae Pop valve Center of area 39 
139 45 25 0.429 0.448 +4.4 
20 


+4.0 


On run No. 125, two errors, flat final electrode and computing curves with drag (one plus 
and one minus), cancel each other. Not reliable. 


venturi meter, and the method of computing curves by fixing the 
axis of the center of gravity by eye gave results varying less than 
one per cent from the true Q, that method of computation applied 
to these 1923 tests gave results within one-half of one per cent from 
the results by weight. 

156 Traverses were made across the pipe in both vertical and 
horizontal positions. The discharge was computed by plotting 
velocities at different positions in the pipe and using the equal-area 
method for computing the total discharge. It will be noted that 
these velocities are not instantaneous velocities at the electrode, but 
are average velocities between the introduction and the final elec- 
trodes. Fig. 44 shows sample traverse curves. 


No. 


118 
119 


135 
139 
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RESULTS 


157 Summaries of the results of these tests are given in Tables 
14 to 23, inclusive. Analyses of these summaries are given in Table 
25. All averages are weighted for number of shots per run. 

158 Summarizing all of the tests’ shows that 36 groups, con- 
sisting of 123 runs and 1012 shots, indicated discharges which 
differed from the discharge by weight by only 0.05 per cent. This 


TABLE 23 


Length of steel pipe used, 11.14 ft. Size, 8 in, Volume, 4.022 cu. ft. 


Gate, Q, Cu. Ft. Per Sec. Salt, Average, 
bas per by by sae per In. Pion 
cent weight salt cent cent, J 


Two 8-in. improved electrodes at Station D and Station C. 
5 100 1.406 1.416 +0.7 
is 100 1.407 1.404 —0.2 Pop valve Center of area 
5 oOo O72 Our 15 —0.8 


15 AA 


8-in. improved electrode at Station D. Screens at Station B. 
Pipe, 12.76 ft. long. Volume, 4.605 cu. ft. 


: “en eae oe woe \ Pop valve Center of area 
10 Sis 


Two screen electrodes at Station A and Station HE. 
Steel pipe (8 in., 6in., and 4 in. diam.) 30.20 ft. long. Volume, 9.913 cu. ft. 


5 100 1.300 1.305 +0.4 ) 

5 50.7 O:709; (0: 711 +0.3 Pop valve Center of area 
5 25 0.429 0.432 +0.7 

iS +0.5 


8-in. flat electrode at Station A. Screens at Station E. 
Pipe, 30.16 ft. long. Volume, 9.901 cu. ft. 


Center of area 


5 DOs 10.216 6) 0.7138 —0.4 Perforated pipe { ; 
5 B04) 0.7100) (0,009... 1-0 with drag 
5 100 1.307 1.299 —0.6 Pop valve Center of area 
5 25 0.439 0.442 +0.7 
20 03 
Average of 4 groups (12 runs and 60 shots) = — 0.09 per cent. 


is practically an exact check. This summary omits trial shots and 
all runs with known sources of error, such as flat parallel plates for 
the final electrodes, computations from the peaks of curves or with 
the drag on the curves using poor designs of salt-injection pipes. 
159 The errors when using one pair of so-called “flat” final 
electrodes in a circular pipe varied from +2 to +4 per cent at 
different stations, due to giving the fast water in the center of the 
pipe a greater proportional length of electrode than the slow water 
near the walls of the pipe. The traverse curves in Fig. 41 show 
that the velocity of the center water averages 13 per cent greater 


Computation Group 


41 
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than the velocity of the water near the wall of the pipe. Other 
traverses on larger pipes of uniform diameter indicate a difference 
of from 7 to 12 per cent. An improved electrode was designed to 
correct this error. (See Fig. 40.) 

160 The errors when using a perforated pipe for the salt in- 
jection and computing curves with all the drag included, vary from 
—1to—3percent. Theterm “drag” is used to denote the dragging 
out of the pen curves as they approach the final appearance of the 
salt. With open or perforated distribution pipes this drag is 
caused by the continuing flow or oozing of the salt solution after 
the controlling valve has been closed. For a comparison of curves 
using a perforated-pipe introduction and showing a pronounced 
drag and of curves using a pop valve for the introduction and 
showing little or no drag, see Fig. 41, tests 988 and 989. Run 125, 
using a perforated pipe for the salt injection and one pair of flat 
electrodes at either stations A, C, or D, gave results only 0.1 per 


TABLE 24 SUMMARY OF ALL TESTS SHOWN IN DETAIL IN 
TABLES 14 TO 24 


For 36 groups, 123 runs, and 1012 shots, Q by salt differs from Q by weight by 
+ 0.05 per cent. This omits trial runs, runs with flat final electrodes, and runs which 
have been computed with known errors for purposes of comparison, such as peaks 


and drags. 
Analysis for gate opening shows full gate slightly more accurate, but the difference 


is too small to consider. 
Analysis for station at which final electrode is located shows nothing conclusive. 


Analysis for Type of Final Electrode 


Salt 
Electrode Groups Runs Shots ber cent 
Sereen sch. scanais.ae se. 21 80 547 — 0.01 
Plate See nets 4 16 82 + 3.23 
Improved......... 11 31 180 + 0.06 
PPAVerse nce opesiovencse 4 12 285 — 0.09 
40 139 1094 


cent in error, but this was because the errors due to those two 
sources balanced. 

161 Analyzing the summaries for the various gate openings 
shows that the results are slightly better for full gate, but the 
difference is too slight to be of importance or conclusive. 

162 Analyzing the summaries for the various stations used 
shows nothing conclusive except the accuracy of the method for 
any section of pipe. The results between A and E (+ 0.03 per 
cent), a section including 8-in., 6-in., and 4-in. pipe, were fully as 
accurate as when a section of 8-in. pipe alone was used. 

163 Analyzing for the various electrodes shows that two 
screen electrodes gave the closest results with the results by the 
short traverse electrodes, and the results by the long improved 
electrodes almost equally close, while the flat final electrodes in- 
troduced a three per cent error. 

164 Another method of correcting the error caused by using 
one pair of parallel plates for final electrodes in a circular pipe was 
also used. Two pairs of parallel plates were used, the upper one 
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placed a considerable distance below the salt-introduction station. 
The section of penstocks between electrodes and the center of 
gravity of the two salt curves were used in computations. This 
method has been used successfully on commercial tests. 


CONCLUSIONS 


165 These tests proved that when properly conducted the 
salt velocity method of water measurement checks the discharge 
by weight, which is the most accurate known method of measuring 
water. For short pipes the following items of apparatus and 
methods of computation were proven or confirmed: 


a That a tight quick-closing pop valve is most suitable for 
salt injection. 

b That other methods of salt injection can be used, but 
correct results are obtained only by applying an arbitrary and con- 
sequently inaccurate correction. 

ec That it makes very little difference what form of electrode 
is used at the introduction when the salt-injection pipe is very 
close. 

d That screens or grids are ideal for both introduction and 
final electrodes. 

e That an improved plate construction with proper spacing 
for the final electrodes gives very accurate results. 

f That a traverse with short final electrodes gives equally 
accurate results. 

g That the same electrodes held at a fixed point, determined 
by the traverse, also show accurate results. 

h That computations based on the center of area as deter- 
mined by a watt-hour meter and a series of jump-spark dots sim- 
plify the work and give accurate results. 

i That tests can be repeated indefinitely and still check. 

j That the apparatus and methods of computation used in 
the commercial tests were proven to be theoretically and prac- 
tically correct, and the results obtained were accurate and reliable. 


166 And finally, the authors believe that the salt velocity 
method of water measurement is correct in theory and in practice, 
that it is applicable to any form or size of flume, pipe, or penstock, 
and that, in a few years, its simplicity and accuracy will make it 
an accepted standard method of water measurement. 

167 The Laurentide Power Company of Grand Mere, Quebec, 
made it possible to carry on a large part of these investigations. 
The authors wish to thank Mr. John 8. Riddile for his interest 
and assistance, and also Mr. Arthur K. Ingraham for pis work 
with us in the earlier stages of development. 
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THE GIBSON METHOD AND APPARA- 
TUS FOR MEASURING THE FLOW 
OF WATER IN CLOSED 
CONDUITS 


AS APPLIED IN TESTING THE EFFICIENCIES OF WATER 
WHEELS IN HYDROELECTRIC POWER PLANTS 


By Norman R. Grsson,} NraGara Fats, N. Y. 
Non-Member 


The purpose of this paper is to explain a new method of determining 
the rate of discharge or quantity of water flowing in a pipe or other 
closed conduit and to describe the apparatus used for the practical 
application of this method in testing the efficiencies of water wheels in 
hydroelectric power plants. 

The theory of this method of measurement is based on Newton's 
second law governing the relation between the mass and motion of 
bodies, and on the principles attributed to Joukovusky relating the rise 
of pressure in a column of water to the retardation of its velocity. 

The paper explains the procedure in the field and describes the ap- 
paratus employed and the manner of recording, delineating, and measur- 
ing the pressure-lime diagram from which the discharge is calculated. 
The fundamental principles and theory are briefly discussed and a 
complete typical numerical example is computed. In conclusion, the 
results of tests made at Cornell University to determine the accuracy of 
the method are given. 


N A FORMER PAPER? by the author it was shown how the 

excess pressure in penstocks caused by the gradual closing of 

turbine gates might be determined from Joukovsky’s theory of 

water hammer. The present writing is intended to show how this 

excess pressure may be used to determine the rate of discharge 

or quantity of water flowing in the pipe at the moment the gates 
1 Hydraulic Engineer, The Niagara Falls Power Co. 


2 Pressures in Penstocks Caused by the Gradual Closing of Turbine 
Gates. Trans. A.S.C.E., 1920. ; 


Contributed by the Power Division and presented at the Annual Meet- 
ing, New York, December 3 to 6, 1923, of THe American Socrpty oF 
MecuanicaL Encineers. For discussion see p. 377. 
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began to close. Experiments will be described which have been 
made to determine the accuracy of such measurements when 
applied to the testing of water wheels in hydroelectric power 
plants. 

2 This is a new method of water measurement and it has 
required the invention of new apparatus for its practical applica- 
tion. If any apology is considered necessary for introducing it 
at this time when so many well-tried methods and devices are 
already in general use, it may be found in the fact that some im- 
portant advantages have already been obtained through its appli- 
cation to the testing of water wheels, where the inconvenience 
and expense of any of the older methods would have been ob- 
jectionable. These advantages have made it possible to make 
tests at frequent intervals, at slight expense, to determine the 
operating condition of water wheels without seriously interfering 
with their commercial operation. It may also be added that in 
point of accuracy, measurements by the new method have been 
found remarkably precise when tested in accordance with the 
dictum of Clemens Herschel, the distinguished hydraulic engineer 
that “The only standard water-gaging apparatus is a tank or 
reservoir. Weirs, orifices, venturi tubes and meters, and other 
water-gaging apparatus and methods can become truly rated only 
by comparison with tank measurements and thus thereafter com- 
petent to give reliable service.’ ! 

3 The new method of water measurement herein described has 
been in practical use for upward of three years. As a result of 
this experience, it may confidently be asserted that the method 
combines the qualities of accuracy, convenience, and economy, 
although it is not to be expected that the full extent of its use- 
fulness can be determined until after a considerable period of time. 

4 To treat the development of the method chronologically or . 
to describe the various steps that were taken from the moment 
of its conception to the present time would surely be tedious and 
uninteresting. Moreover no particular value would now be at- 
tached to such a record. It will be much more satisfactory first 
to explain the successive operations to be performed during the 
efficiency test of a water wheel by this method, then to describe 
the apparatus used, and finally to examine the principles and 
theory on which the method is based and the experiments which 
have been carried out to determine its accuracy in practical cases. 
In Appendix No. 1 will be found a complete typical example and 
a discussion of some of the various factors and special problems 
which may sometimes require consideration. 


1 An Improved Form of Weir for Gaging in Open Channels. Trans. 
A.S.M.E. 1920. ‘ 
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Fretp Work 


5 Preliminary. Two essential conditions are required for the 
measurement of water by this method, first, the water must flow 
through a pressure pipe or other closed conduit; and second, means 
must be available for controlling the flow, such as a valve or tur- 
bine gates, at a point some distance from the intake. It makes 
no difference how large the conduit may be or whether the cross- 
section is of uniform area or not. The accuracy of the measure- 
ments, however, depends to some extent on the length of the con- 
duit, and it is desirable that this should be at least 50 ft., preferably 
not less than 100 ft. The method does not apply to the measure- 
ment of flow in open channels. 

6 It is evident, therefore, that not every hydraulic plant can 
be tested by this method. Fig. 1 shows a cross-section of a typical 
plant, the physical conditions of which are suitable for the simplest 
application of the method. Measurements of water flowing through 
more complicated waterways may also be made by using the 
differential application of this method, but for the present the 
discussion will be confined to the simple type here illustrated. 
In such a plant the water flows out of a forebay into a penstock at 
the lower end of which is a single modern hydroelectric unit com- 
prising a turbine and generator equipped with a hydraulic governor. 
At the upper end of the penstock is a sluice gate or valve and at 
the lower end just at entrance to the turbine casing there is some- 
times installed another valve. To set the unit in operation the 
turbine gates are opened by means of the governor and the water 
then flows through the penstock, turbine, and draft tube and is 
discharged into the tailrace. The unit is shut down by closing the 
turbine gates by the same means. The flow of water in the pen- 
stock is therefore under control at all times and the time taken’ 
in the opening or closing of the turbine gates may be varied at 
will by regulating the speed of the stroke of the governor, the 
operation of which may be accomplished either automatically or 
by hand. © 

7 The apparatus required for an efficiency test, parts of which 
will be described in detail later, comprise the following: 


a A headwater-indicating and recording float gage which will 
give an accurate record of the headwater levels during a 
test. The instrument for this work must be specially de- 
signed to make one revolution of the drum in about four 
or five minutes so that it will show clearly, to relatively 
large scale, any surges that occur in the forebay during 
or immediately following the closing of the turbine gates. 

b A tailwater float or staff gage for observing tailwater levels. 
It is not essential that this should be a recording instru- 


1 When differential diagrams are used, a simple staff gage is sufficient 
for determining headwater levels. 
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ment as it is usually quite satisfactory to make periodic 
readings of the gage. 

¢ The apparatus for obtaining pressure-time diagrams, which 
has been called the Gibson Apparatus,! and which is 
attached to the penstock at any convenient point by 
means of a 1/4-in. connecting pipe as illustrated in Fig. 1. 

d A pressure gage or piezometer for measuring the head 
acting on the turbine. 

e Electrical equipment for measuring the output of the gener- 
ator, including standardized calibrated wattmeters, cur- 
rent and potential transformers, and ammeters and 
voltmeters for determining the power used in excitation. 
It is assumed that the efficiency of the generator will 
have been previously determined. 

f A signal system (usually electric bells) for communicating 
with the observers at the forebay, tailrace, pressure gage, 
Gibson Apparatus, and electrical instruments and with 
the operator at the governor. 


8 The items enumerated above include, of course, not only 
the apparatus necessary to measure the water, but also the equip- 
ment for measuring the power output of the turbine and for de- 
termining its efficiency. The location and setting of the apparatus 
and equipment is shown in Fig. 1. 

9 Procedure. The various operations to be performed in the 
field to obtain the data from which the final computations are made 
are as follows: 

10 It is first necessary to obtain the physical dimensions of 
the pipe line from its intake at the upper end to the point of at- 
tachment of the Gibson Apparatus. This may be done from the 
drawings, but where necessary the dimensions should be checked 
by measurement in the field. When the penstock is made up of 
pipes of various sizes, the length and area of each size should be 
determined and where a variable section exists, as for instance, 
at a flaring mouthpiece, the lengths and areas of successive sections 
a short distance apart should be taken so that the whole may be 
properly integrated. The total length along the center line of the 
penstock from the apparatus to the face of the mouthpiece should 
be accurately determined and should check with reasonable accu- 
racy the sum of the lengths of the various parts. 

11 The personnel engaged at the various posts may be selected 
from the engineering and operating staffs engaged at the plant and 
should be directed by one man who has no specific duties to per- 
form in order that he may supervise all the operations from time 
to time and thus be able to review the work as a whole. In ad- 
dition one observer will be stationed at the headwater gage, one 
at the tailwater gage, and one at the pressure gage, or two if a 


1 Method and apparatus patented, Canada 1919 and 1920, United 
States Oct. 13 and Nov. 22, 1921. Patents applied for in foreign countries. 
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piezometer be used at entrance to the turbine case. One operator 
and sometimes an assistant will be required for the Gibson Appa- 
ratus. At least two observers will be necessary for the electri- 
cal readings and one man, usually a station operator, is required 
to operate the governor for controlling the turbine gates. An 
observer to record gate opening and read a vacuum gage on the 
draft tube of the turbine will be useful in important tests, but 
these observations are not always essential. 

12 The signal system is controlled by the operator of the Gib- 
son Apparatus and a prearranged system of signals enables him 
to synchronize the work of the various observers and to have the 
necessary operations performed at the required time. 

13 After checking the elevations of the zeros of the headwater 
and tailwater gages, testing the pressure gage for measuring the 
head on the turbine, setting up the apparatus and signal system 
and inspecting the unit to be tested, etc., the operations to be 
performed are as follows: 

14 The unit to be tested is usually synchronized with other 
units in the plant and allowed to run on steady load at the de- 
sired point with the gates fixed for several minutes. If desired, 
an artificial load of any kind such as a water rheostat may be 
used for testing, but in this case the unit will be out of commercial 
service, which may cause more inconvenience than allowing it 
to remain on the commercial load. In fixing the gates at the 
various percentages of gate opening where it is desired to determine 
the efficiency, it is important to have them perfectly steady so 
as not to set up disturbances in the penstock. For this purpose it 
is better to use the hand control, which is usually supplied in a 
modern governor, but if this is not available various devices may © 
be employed to lock the automatic control valve of the governor 
so as to hold the gates steady for a few minutes at a time until it 
is necessary to release them. 

15 When everything is in readiness a signal is given, say, 
“2 bells,”’ and at that moment the various observers begin to read 
their instruments in the most effective manner. Thus observa- 
tions are taken of the headwater and tailwater levels, pressure at 
entrance to the turbine case, gate opening, kilowatt output of 
the generator, voltage and amperage of exciting current, and the 
usual entries of time and other items worthy of note. 

16 After these observations have been made for a period of 
two minutes, or longer if necessary, the operator of the Gibson 
. Apparatus sets this instrument in motion and then gives a signal, 
say, “1 bell,” at which all the observers mark their records and 
the governor attendant operates the governor so that the turbine 
gates are gradually and gently closed. The duration of this closing 
action will depend upon the length of the penstock. If it is short, 
a quite rapid closure, say, in three or four seconds, may be made. 
If the penstock is very long the duration of closure may take per- 
haps more than a minute. In a penstock from 200 to 400 ft. long 
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a satisfactory closure may be made in from eight to sixteen seconds. 
It is not at all necessary that the closure should be made at a 
uniform rate, although, of course, it is better that an effort should 
be made to perform this operation as smoothly as possible. 

17 As the turbine gates close, the power output of the unit of 
course diminishes and its load is picked up by the other units 
operating in synchronism with it. When the gates are fully closed 
the unit continues to revolve at normal speed, being then operated 
as a synchronous motor by the current in the circuits to which it 
is connected. 

18 The object of closing the turbine gates in this manner is 
to produce a change of pressure in the penstock which will occur 
when the flow of water therein is brought to rest. The Gibson 
Apparatus (which will be described in detail later) is devised to 
obtain a precise record of this change of pressure in the form of 
a diagram of which Fig. 7 is a typical example. On this diagram 
A marks the beginning of the record. At O the pressure begins to 
rise as the turbine gates are being closed. At K (the determination 
of which will be explained later) the gates are fully closed and from 
K to C the column of water is being restored to equilibrium in a 
series of damped harmonic oscillations or waves. At Z there is 
an interval of time sufficiently long to allow these oscillations to 
subside, and then at F there is a short record which registers the 
pressure in the penstock under the then existing hydrostatic con- 
ditions. It will be observed that narrow vertical spaces D where the 
record has been obliterated occur on the diagram at regular in- 
tervals. These intervals are records of time usually one second 
apart, or, speaking more correctly for reasons which will be ex- 
plained presently, each pair of intervals measures exactly two 
seconds. 

19 Upon the completion of this record — called the “pressure- 
time diagram,” or more simply ‘“‘the diagram” — a signal is given 
to the observers which terminates the “run” as the operations 
of the test at each load are called. 

20 The unit is then loaded up again to the next point desired 
and everything is placed in readiness for the next run. These 
operations are repeated as often and at as many points as are 
desired. Usually it will be found that from 10 to 12 diagrams 
ranging from half-gate to full load will be sufficient. Each run 
will require from 10 to 15 minutes, so that if no difficulties arise 
the field work for one unit may be completed in from two to three 
hours, exclusive of time required in the preparation for the test 
and for the leakage test which will now be described. 

21 Leakage Test. In this method of water measurement only 
the flow actually shut off is measured. If the whole flow is shut 
off, no other operations than those described above are necessary. 
It usually happens, however, that the valve to be closed or the 
turbine gates themselves are not perfectly tight and after closure 
some water leaks through. The measurement of this leakage is 
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not included in the diagram and must of course be separately 
determined and added to the quantity calculated from the diagram 
to obtain the total discharge. In a new modern unit the leakage 
is relatively quite small and its amount can be quickly and precisely 
determined in a number of ways. If the total discharge of the turbine 
is 1000 cu. ft. per sec. and the leakage is 20 cu. ft. per sec., an error 
of 5 per cent in determining the leakage results in a final error in 
the measurement or discharge of only about 0.1 per cent. Usually, 
however, the leakage may be determined with much greater ac- 
curacy than this and often it can easily be measured precisely. 
When the leakage is relatively large, greater care in its determina- 
tion will be required if precise results are desired. 

22 The leakage test as usually carried out is as follows: First 
the turbine gates are tightly closed, full operating pressure of the 
governor fluid being maintained in the regulating cylinders, and 
then the head gate at the intake of the penstock is closed so that 
the water in the penstock will run out through the clearance spaces 
around the turbine gates through which the leakage takes place. 
As the water is leaking out, readings are taken of the pressure in 
the penstock as indicated by the pressure gage at entrance to the 
turbine case, and the time interval between each reading is observed 
and recorded from a stop watch. These observations are con- 
tinued until the water in the penstock has leaked out to a low 
level. The records of pressure and time thus obtained measure 
the rate at which the water has leaked out, and as the area of the 
penstock at any elevation is known, the quantity of leakage under 
any head may be readily calculated. 

23 If the leakage through the head gate is too great to be 
estimated with sufficient accuracy to make the necessary correc- 
tion, it may be calculated in a manner to be described later (see 
Appendix No. 1), or other means may be found of measuring it 
as precisely as desired. For instance, if there is a tight valve in 
the penstock at its lower end, this may be closed and the rate at 
which the water fills up the penstock may be determined in a 
similar manner to that described above for determining the rate 
at which it leaks out through the clearance spaces around the 
turbine gates. 

24 While the foregoing describes the usual way in which the 
leakage factor may be determined, it is not intended to lay down 
any definite rules by which it must be found. The essential point 
is that it should be determined with sufficient precision in a given 
case, and it may safely be left to the common sense and resource- 
fulness of the engineer in charge of the test to do this in a satis- 
factory way. 


APPARATUS 


25 In describing the field work of the test, reference has been 
made in Par. 7 to the apparatus and equipment used, the principal 
items of which are the following: 
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Headwater gage for recording headwater levels 

Tailwater gage for observing tailwater levels 

Pressure gage or piezometer for measuring the head acting 
on the turbine 

Electrical instruments for measuring the power output of the 
generator 

Signal system for communicating with the observers, and 

The Gibson Apparatus for obtaining the pressure-time 
diagrams. 


26 Fig. 1 is a general drawing showing the setting and arrange- 
ment of the apparatus and equipment, and also some details of 
the minor parts. 

27 The headwater recording gage which is shown in Fig. 2 has 
been designed specially for use in the simple application of this 
method of testing. It comprises a brass float 8 in. in diameter sur- 
rounded by a well consisting of a short piece of 9-in. brass tubing 
mounted on a heavy plank which may be fastened in place in any 
convenient manner. A rod from the float is connected to a cross- 
head which slides between guides and is connected through a reduc- 
ing block and tackle to a brass pencil as illustrated in Fig. 2. The 
vertical travel of the pencil may be made to correspond in any de- 
sired ratio to the variation in level of the float, but in the instrument 
here illustrated the pencil moves one-half the vertical travel of the 
float. The supports for the rod and pencil are attached to a box, the 
front end of which has been left open. This box contains a drum 
about 6 in. in diameter and 12 in. high which is operated by means 
of a spring motor and gearing designed so that the drum will make 
one revolution in from 3 to 5 min. For each run a sheet of coated 
paper 18 in. long by 11 in. wide is securely wrapped around the 
drum and receives the impression from the brass pencil which 
rests lightly on the surface of the paper and thus records to half- 
scale the motion of the float in the headwater. A clock mechanism 
and electric battery and magnet located inside the box operate a 
pointer which makes a mark every five seconds on the coated 
paper near its lower edge. The record of headwater level is thus 
combined with a record of time. 

28 It is unnecessary to describe in detail the tailwater gage or 
the pressure gage or piezometer. For the former an ordinary 
staff gage is suitable, but a float gage with pointer is sometimes 
more convenient. The pressure gage should of course be accurately. 
calibrated. The mercury piezometer is preferable for important 
tests and precise work, 

29 As this paper is not specially concerned with the measure- 
ment of electrical power, an elaborate description of the electrical 
instruments required for measuring the output of the generator 
during the test will not be given. It will be sufficient to say that 
great care should be used in measuring the electrical output of the 
generator for precise testing of hydroelectric units. The usual 
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instruments to employ are wattmeter (preferably in duplicate), 
ammeter, and voltmeter for checking the power indicated by the 
wattmeter, power-factor meter, calibrated current and potential 
transformers, and, where the unit is separately excited, an ammeter 


and voltmeter for measuring the power supplied for excitation will 
also be required. 
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30 The signal system may be left to the discretion of the 
engineer in charge of the test. Usually a system of electric bells 


will be sufficient, preferably a system operated with magneto be- 
cause the bells may then be connected in series, in which case 
there is less danger of a run being spoiled by failure of one of the 
observers to receive his signal owing to trouble in one of the cir- 
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cuits. With the magneto set if one bell rings all must ring, or if 
one is out of order none will ring. A telephone system of signaling 
is quite satisfactory and very convenient when the distances 
between observers are great. When distances are short and 
Mie conditions will permit, a horn or, whistle may sometimes be 
used, 

31 The apparatus for obtaining the pressure-time diagrams 
will need to be described in detail. Photographs of the appa- 
ratus are shown in Figs. 3 and 4. It is also shown diagram- 
matically in Fig. 5, to which the letters in the following description 
refer. 

32 P isa pipe or conduit in which the fluid, the rate of discharge 
of which is to be measured, is assumed to be flowing in the direc- 
tion indicated by the arrow, and V is a valve or other means, 
such as turbine gates, for interrupting the flow of the said fluid. 
In the earlier forms of this apparatus an auxiliary device was 
used for recording the times of beginning and ending of the motion 
of the valve as shown in the detail view of the valve V. In the 
development of the new method of measurement, however, other 
means have been invented, as will be explained later, for deter- 
mining the points of beginning and ending of the pressure-time 
diagram and the use of the auxiliary device referred to has been 
discontinued. 

33 The apparatus is attached to the pipe P on the upstream 
side of the valve V at some point B by means of a short small pipe 
C in which a valve is placed near B. D is a glass tube of as nearly 
as possible uniform bore joined to the pipe C' and to the riser pipe 
E —also as nearly as possible of uniform bore — by means of stuff- 
ing boxes and glands at F and G. Together the pipes C and H and 
the tube D form a U-tube. A quantity of mercury is poured into 
the top of the riser # or is otherwise introduced into the U-tube 
so that when the valve at B in the pipe C is opened the mercury 
column, is depressed in tube D and rises in the riser pipe £ in pro- 
portion to the pressure existing in the pipe P. Needle valves, as in- 
dicated, are provided at points 3, 4, and 5 for adjusting the height 
of the mercury in the tube D and for expelling air, etc. For higher 
heads an enlargement of the tube C is made to facilitate filling the 
U-tube with mercury. The difference in level between the tops of 
the mercury columns in D and £ is then a measure of the pressure 
existing in the pipe P. Changes of pressure in P produce cor- 
responding changes of level of the tops of the mercury columns 
in D and E. 

34 Opposite the tube D is a box H containing a photographic 
lens and shutter J and a pendulum K. At the top of the pen- 
dulum is a setscrew and bar L for adjusting the length of the 
pendulum. The pendulum cord is thickened at its lower extrem- 
ity, as shown, and the whole is enclosed in an upward extension 
of the box. 

35 In the end of the box opposite D is a slot about as long as 
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the tube D and narrower than the diameter of the tube. Between 
the box and D is a shrouding M which excludes the light, except 
that which enters through the tube D from the side directly op- 
posite the slot referred to. This shrouding partly surrounds the 
tube D and has fastened to it, crosswise of the tube D, two fine 
cross-wires 1 and 2, a measured distance apart. 

36 At the other end of the box is an opening in which a ground 
glass may be placed for observing a photographic image of the 
tube D cast on the glass by means of the lens J. The ground 
glass is for observation purposes only and may be removed and 
replaced by the revolving drum WN set in a lightproof holder which 
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may be attached to the end of the box H by means of guides and 
thumbscrews. 

37 On the outside surface of the revolving drum N there may 
be attached, as required and in a dark room, a sensitized photo- 
graphic film on which the pressure-time diagram is to be recorded. 
Photographic paper may be used, if desired, in place of the film, 
but usually will not give so good results on account of the shrinkage 
of the paper when developed. aur 

38 On the side of the holder adjacent to the box there is a 
narrow slot, O, lengthwise of the holder, which may be opened 
or closed by means of the shutter A. This shutter is shown in 
detail in Fig. 5 and consists of a cylindrical bar through which a 
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slot has been cut. The bar fits snugly in a hole bored in the casting 
supporting the lightproof holder and may be revolved so that the 
slot in the bar will come opposite the slot O in the holder when it 
is desired to allow the light to pass through to the film on the drum 
N, or it may be turned 90 deg. from this position when it is de- 
sired to shut off the light from the film. The shutter may be held 
in either position by means of an arm attached to the bar and se- 
cured by a spring attached to the holder. 

39 The drum N is revolved at uniform speed by means of a 
mechanical motor Q through pulleys R and belting S or through 
other means, its speed being regulated by a governor and flywheel. 

40 In case the apparatus cannot be used in daylight, an electric 
mercury-vapor lamp Z or other means of illumination will be 
required. 

41 As previously stated, the use of the auxiliary electrical 
shutter 7’ shown in Fig. 5 has been discontinued, and for the pur- 
poses of this paper it will be unnecessary to refer again to this 
part of the original design. 

42 In setting up the apparatus for the purpose of making 
differential diagrams, the top of the riser instead of being left 
open to the atmosphere is connected by means of a pipe, preferably 
about 1 in. in diameter, to a piezometer opening located at some 
suitable distance upstream from the point B, Mercury is poured 
into the U-tube until its surface in the glass tube D is at the re- 
quired height and the remainder of the piping system is filled with 
water, care being taken to see that all air is excluded and that all 
joints are perfectly tight. 


Ture PressurRE-TImeE DIAGRAM 


43 Recording the Diagram. The manner of using the apparatus 
and of making a pressure-time diagram is explained as follows: 

44 The final equation which will presently be derived and 
from which the rate of discharge is determined is Q = KA/SF, 
in which Q is the discharge in cubic feet per second, K the constant 
of the apparatus, S the time scale of the diagram, and F the pipe 
or conduit factor. 

45 The pipe factor F of a simple pipe of uniform cross-section, 
such as the pipe P, Fig. 5, is the length from the point B to the 
upper end of the pipe divided by its area. When the pipe is made 
up of several lengths in series h, l2, ls, etc., of different areas ay, 
G2, Q3, etc., then the pipe factor F is 


Lib hh 
a Qa, °ae ag 
The pipe factor is determined first. 
46 Next the ratio R of the areas of tubes D and E is obtained. 


This may be done in several ways, only one of which need 
be mentioned. For this purpose a calibrating rod is provided 
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with the equipment. This rod is made up of several lengths of 
copper wire surrounded by, but insulated from, a small brass tube 
or sheath. These lengths may be screwed together and are so 
designed that connection is made between each length of copper 
wire without making contact with the brass sheath. 

47 For the purpose of calibrating for R the Gibson Apparatus 
is set up either in the laboratory or in the field at the place where 
the tests are to be made and the tubes are filled with mercury as 
usual. By means of a small pump, or by admitting pressure in 
successive increments from the penstock, the mercury is depressed 
in D which causes it to rise in H. If the work is done in a labora- 
tory, intermediate sections of the riser are removed so that the 
part of the riser # in which the mercury changes position when 
depressed in D is.the same part as that in which the change will 
take place when the apparatus is attached to the penstock. It is 
obvious of course that when the tube D is attached to a pipe or 
penstock the static head existing in the pipe will force the mercury 
to a higher level in # and additional lengths of riser are necessary. 
The changes of level corresponding to changes of pressure during 
a test then take place in the glass tube and the sections of riser 
which have been calibrated. In practice it will be convenient to 
attach the apparatus at some point on the pipe line where the 
head will not be so great as to require an excessively high riser. 

48 The calibration is then made by wrapping a film on the 
drum in the usual way and exposing a short section of it at a time, 
as hereinafter described, so as to obtain a record of the elevation 
of the mercury in tube D at different stages, and at each stage the 
calibrating rod is inserted in the top end of the riser # until contact 
is made between the wire in the rod and the mercury. A bell and 
some batteries are connected in circuit with the calibrating rod 
and the riser so that when contact is made between the rod and the 
mercury the bell rings. By this means it is possible to determine 
when the rod is first touching the surface of the mercury. The 
distance from the top of the riser to the surface of the mercury is 
then read on the vernier attached to the calibrating rod and re- 
corded. After a number of exposures have been made with the 
mercury depressed to various points in the tube D and the cor- 
responding position of the mercury in H is determined, the film 
is removed from the drum and developed and a print made as 
illustrated in Fig. 6. The record thus obtained when related to 
the height of mercury in the riser H gives the ratio of the change 
in FE for a given change in D, This method of calibration also 
includes any correction that might be necessary for parallax or 
variation in scale. 

49 When increases of pressure occur in pipe P it is evident 
that the mercury in D will fall 1/R times the distance*it rises 
in H, and the total change of pressure in feet of water will be 
jz [M(R + 1) — 1] times the distance in inches the mercury falls 
in D, where M is the specific gravity of mercury. Similarly, when 
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decreases of pressure occur in P the mercury will rise 1/R times 
the distance it falls in H, and the total change of pressure in feet 
of water will be =; [M(Rk + 1) — 1] times the distance in inches 
the mercury rises in D. When the apparatus is connected to the 
pipe P for the purpose of making differential diagrams as de- 
scribed in Par. 42, the total change of pressure in the pipe P in 
feet of water will be ~, (M —1)(R+ 1) times the distance in 
inches that the surface of the mercury changes in the tube D. The 
sizes of the tubes D and E for any particular case are selected so 
that the total motion of the mercury in D is limited to the length 
of the tube D. <A record of the position of the top of the mercury 
column in the tube D during any time is therefore a record of the 
pressure existing in the pipe P during that time. When the flow 
of water in the pipe P is interrupted, a change of pressure occurs. 
The change of pressure affects the level of the mercury column in 
tube D as already mentioned, and a record of this change of level 
is obtained as follows: 

50 The lens J having been adjusted and permanently fixed 
so that a clear image of the top of the mercury column is projected 
on the ground-glass screen at the end of the box, the latter is per- 
manently removed so that the film holder may be inserted in the 
guides, A sensitized photographic film is wrapped around the 
drum N and fastened in place, the belting is slipped over the 
pulleys, and the motor wound up ready to start. 

51 When all is ready the shutter A attached to the film holder 
is opened, the motor Q is started, and, just prior to the action of 
interrupting the flow in pipe P, the shutter of lens J is opened 
and the pendulum K is set in motion by pressing the pneumatic 
bulb attached to these parts. At this moment the flow in pipe 
P is gradually interrupted by means of the valve V or by any 
other means. As the flow is being interrupted, the rise of pressure 
produced thereby causes-the mercury column in the tube D to 
move downward. The amount of its depression is.a measure of 
the change of pressure in the pipe P, and the motion of the top of 
the mercury column is photographed on the revolving film by the 
means above described, thus furnishing a record of the change of 
pressure that took place in the pipe P as the flow was shut off. 

52 During this operation the pendulum K keeps swinging to 
and fro, and on account of the enlargement of the cord already 
mentioned, the light passing through the tube above the mercury 
is cut off at each swing of the pendulum. This causes a break in 
the record on the film at regular intervals corresponding to the 
time period of the swing of the pendulum, which is usually adjusted 
to exactly one second. If the pendulum is not centered exactly with 
the slot, the intervals between breaks in the record will be alter- 
nately long and short. For this reason, as explained in Par. 18, 
it is better to use each pair of intervals which will exactly measure 
two seconds, 

53 After the flow has been completely shut off, the oscillations 
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of the mercury column are recorded for a few seconds. After the 
oscillations have ceased and quiescent conditions exist in the pipe 
P, a short exposure is made to obtain a record of the static pressure 
in that pipe. Then the shutters are closed, the film removed and 
developed, and prints made. The result is shown on the typical 
pressure-time diagram, Fig. 7, on which the line ABBKCC repre- 
sents the varying level of the top of the mercury column in tube D. 
The D-lines are the breaks in the record at regular intervals caused 
by the swinging pendulum, and the lines Z, # are the photographs 
of the cross-wires 1 and 2 shown in Fig. 5, which are a measured 
distance apart, and from which the scale (usually exactly full size) 
of the diagram is shown. The edge F is a record of the level of 
the top of the mercury column corresponding to the static pressure 
in the pipe P. 

54 Delineating and Measuring the Diagram. The diagram, 
Fig. 7, having been obtained in the manner described in the fore- 
going section, is treated as shown in Fig. 8 as follows. It will 
be assumed for simplicity in explaining the calculations that the 
gates were perfectly tight when closed so that the flow was com- 
pletely shut off when the diagram was made. The numerical ex- 
ample which will be given later will include the leakage factor. 

55 1— Horizontal lines are drawn across the diagram, coin- 
ciding with lines F and A, respectively. If A is wavy due to slight 
variations in pressure of the water flowing in the penstock, the 
mean position between crest and valley of the wave may be used. 

56 2—As the diagram is produced by means of an exposure 
through a narrow slot in the film holder, the width of slot will 
cause the diagram to be slightly larger than it would be if drawn 
by a point or by exposure through a slot of infinitesimal width. 
To correct for this lines may be drawn as shown at BB and CC 
at a distance equal to the width of slot from the edges of the pres- 
sure line so that when thus drawn these lines, together with the 
other edges of the diagram, delineate the pressure line that would 
be drawn if the slot were of infinitesimal width. A little study 
will make it clear that the width of slot is drawn only on either 
the right-hand or left-hand edges of the diagrams but not on both, 
depending on the direction of rotation of the drum. If desired, 
this correction for width of slot may be made by simply multiply- 
ing the width of the slot by the sum of the vertical heights of the 
corresponding edges of the pressure line. Usually this will be 
more satisfactory. 

57 3—The point K which marks the end of the diagram, or 
more specifically the end of that part of the diagram which rep- 
resents the impulse produced during the closure of the gates, 
is determined from the record CC of the oscillations of the mercury 
column in the apparatus which occur after the turbine gates have 
ceased to move. These oscillations or waves are of uniform perio- 
dicity like the oscillations of a pendulum, and the horizontal dis- 
tances measured in time intervals between the vertical lines pass- 
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ing through the peaks of the waves as from H to H and G to G 
are equal. The positions of the vertical lines passing through the 
peaks of the waves at HH, etc., may be determined in several ways, 
such as by inspection or by the intersection of tangents to the 
points of inflection of the wave line. Probably the most effective 
way, however, of fixing the position of the peaks of the waves is 
by using the relations shown in Fig. 9. The curve in this figure 
gives the distance RS, measured horizontally along the neutral 
line + about which the oscillations are taking place, from the point 
of inflection of the wave line to the line passing through the peak of 
the wave. The proportion of the distance RS to the wave length 
depends on the amount of damping effect, and the curve is plotted 
in radian measure with the ratio of wave heights as abscissas and 
percentage of half wave length as ordinates. 

58 4— The end of the diagram is at the beginning of the first 
regular wave nearest AA as at HK, and the position of K is deter- 
mined by measuring back from W the point where the wave passes 
the neutral line FM,! a distance equal to RS. The position of 
the vertical line through K may also be found by marking off 
from the peak of the nearest wave a horizontal distance equal to 
one wave length HH. A vertical line KML is drawn through kK 
intersecting the line F produced at M and the line A produced 
at L. 

59 5—The point where the pressure line B departs from the 
line A is marked at O. 

60 6—A straight line is drawn from M to O. 

61 7—A number of vertical lines are drawn from the pressure 
line BB to intersect the line OM and the areas a, G2, a3, d4, As, As, 
a; enclosed by these lines and corrected for width of slot are 
measured by planimeter or by scaling in square inches. The sum 
of these areas will be called A;. 

62 8— The distance LM, which is a measure of the sum of the 
friction and velocity heads, is measured in inches and called Y. 

63 9-—Trial and error are now used to locate the line ONM 
which eliminates from the gross area the area produced by the 
recovery of friction and velocity heads. 

64 As a first assumption the straight line from O to M may be 
taken, but usually it will be found easy to estimate by inspection 
the approximate position of the line ON M so that only one correc- 
tion will be necessary. 

ay 0 + a G1 + Az + a3 

65 Tet Pe P,= yas P3 = 7 
and let h, = Y(1 — P,)?, ho = Y(1 — P2)?, etc. Having determined 
the values of i, ho, hs, etc. from these equations, a point is located 
on the line separating the areas ai and a, or this line produced by 
measuring down vertically from the line FM produced a distance 


,ete., 


1 The neutral line is not always horizontal or coincident with F. See 
numerical example beginning at Par. 87. 
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equal to hy. A distance equal to hz is measured down vertically 
from the line FM produced on the line separating the areas az 
and a3. Similarly a distance equal to each of the values hs, ha, etc. 
is measured down from the line /M produced on the respective 
lines separating the areas as, as, etc. The points so plotted are 
then joined together, forming a line from O to M. If the line so 
plotted fails to coincide with the assumed line, a second trial is 
made using the new line in place of the one first assumed and 
proceeding as before. In this manner a base line ONM is found 
such that when the values of hi, ho, etc. are calculated as before 
but using the new areas a, a2, a3, etc. above the line ONM, the 
line joining the ends of hi, he, ete. will coincide with ONM. 

66 10—The area of the diagram delineated by the line 
OBBKMN is called A and is a measure of the rate of discharge 
or quantity of water that was flowing in the conduit at the moment 
the gates began to close. If, however, the final velocity is not 
zero or relatively small the delineation of the diagram is performed 
in aslightly different way, as will be explained later (see numerical 
example, Par. 87. et seq.). 

67 In practice it will sometimes be necessary to correct the 
area A for the effect of special conditions or disturbances such as 
surges in the forebay, gate well, or surge tank at the entrance 
to the conduit. This is readily done by observing or recording 
the height and duration of such surges and subtracting a corre- 
sponding area from the area A. Flow measurements may also be 
made by obtaining two diagrams similar to Fig. 8 simultaneously 
at different points along the conduit a known distance apart, the 
difference between the net areas of these diagrams adjusted to 
the same scale being used in place of the area A. Satisfactory 
results may also be obtained by using the differential diagram 
already referred to and illustrated in Fig. 11, which records only 
the difference in the changes of pressure that occur at two points 
on the pipe line. In these cases the pipe factor F for that portion 
of the pipe between the two points only will be used. 


FUNDAMENTAL PRINCIPLES 


68 The method herein described makes use of two well-known 
principles, the first being Newton’s second law of motion, some- 
times referred to as the equation of impulse and momentum, and 
the second (attributed to Joukovsky) being a corollary of the first, 
namely, the relation between change of pressure and change of 
velocity of a column of water expressed in terms of the velocity 
of the pressure waves which are propagated during the change 
from one end of the column to the other. As the first of these 
principles is one of the fundamentals of mechanical science, it 
will be accepted without proof and may be expressed by the equa- 
tion 4 


1 See article on Mechanics in Encyclopaedia Britannica, vol. 17. 
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dv 

F Ma a Hippies’ ah carcit cw acess eek | 
in which F is a force acting on a mass M and dv/dt is the rate of 
change of the velocity (acceleration or retardation) of that mass. 
69 The second principle is derived from the relation of the 
first to the phenomena manifested when a change of pressure occurs 

in an enclosed column of flowing water. 
70 When a pressure is applied to the end of a column of water, 
a time interval ¢ is required for a pressure wave, transmitting the 
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change of pressure, to traverse the length of the column and re- 
turn. If L be the length of the column and a the velocity of the 
pressure wave, this time interval is equal to 2L/a. The impulse 
applied to the column is equal to the product of this time interval 
and the mean pressure applied to the column during that interval. 
The change of momentum to which this impulse may be equated 
is the product of the mass of the column and the change of its 
velocity during the interval in question. The pressure of the water 
and its velocity are taken at the same instant and quantities of 
the second order of magnitude are neglected. Let 


hn = pressure in feet above normal existing at the .end of 
any interval of time as defined 

hn-1 = pressure in feet above normal existing at the end of 
the interval preceding the interval n 


366 GIBSON METHOD OF WATER-FLOW MEASUREMENT 


ow =a time interval as above defined 

a 

L  =length of the column of water 

A  =area of the column of water 

w  =weight of a cubic foot of water 

oar = mass of the water 

VY, = velocity of the column of water at the end of the in- 


terval n j 
V,-1 = velocity of the column of water at the end of the in- 
terval preceding the interval n. 


Then 
hin + Rn mean pressure applied to the 
2 x Aw = column during the intervaln . . . [2] 
and 
hn + hint Cpr 2L_ product of this mean pressure 
OF Sim *~- =~ and the time interval. . . . [3] 
also 
LAw V change of momentum of column of water 
(Vaa-Va)= in question during nthinterval . . [4] 
pean [3] and [4] and cancelling the common term Aw, 


Vn ttltit ooh Ales L 
2 a 


This is the form in which this nett will be used later, although 
when simplified it becomes 


ly + hans = 7 (Vana ~ Vo) 


mS tas Vn) Pi maek, aes [5] 


71 When the complete change of velocity takes place in a time 
interval equal to or less than 2L/a, in which case the resulting 
pressure is not influenced by returning pressure waves, this rela- 
tion becomes Joukovsky’s equation for maximum water hammer 


lence = 2 V 
g 


from which may also be written the general differential equation 
dh =" av 
g 


72 In the author’s former paper,! already referred to, will be 
found a treatise on the phenomena that occur in a pipe when 
gradual closure is made of a valve or turbine gates located at the 
end of a pipe. A thorough knowledge of that subject is of great 
advantage in understanding the theory and practice of water- 
flow measurement by the method herein considered. 


1 Pressure in Penstocks Caused by the Gradual Closing of Turbine Gates. 
Trans. A.S.C.E. 1920. 
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rise of pressure during closure of the valve or gates is the mani- 
festation of the force exerted to stop the flow of the mass of water 
in the pipe. Neglecting for the present the influence of the elas- 
ticity of water and of the walls of the pipe, the simple relation 
determining the magnitude of the force exerted is given above in 
Equation [1]. If then the mass of the water in the pipe is known 
and the time taken to stop its flow and the average force exerted 
in doing so are measured, the velocity of the water prior to the 
interruption of its flow may be readily determined. Let 


A = area of the pipe in square feet 

L = length of the pipe in feet 

Q = quantity of water flowing in the pipe in cubic feet per second 

V = velocity of the flow of the water in the pipe in feet per 

second = Q/A 

T = time taken to stop the flow in seconds 

P = average pressure in feet of water exerted in stopping the 
flow during the time 7 

acceleration due to gravity in feet per second per second 

weight of a cubic foot of water in pounds. 


W 


Then if the quantity of water flowing into the pipe during closure 
is equal to the quantity flowing out in the same time, in other 
words, if the pipe remains full, the mass of water, whose motion 
is stopped, equals LAw/g. 

74 This mass is flowing at the average velocity V and is brought 
to rest in the time 7’, so that its average rate of retardation is V/T 
ft. per sec. per sec. 

75 The average force in pounds exerted during the time T 
to stop the flow is PwA, therefore 


LAw V 
PwA = << Tr 
from which 
PgT 
eta HS 
! G 


76 The measurement of the velocity of the water in the conduit 
by the process herein described therefore requires the determination 
of the quantities P, g, 7, and L. Of these, L is the measured 
length of the pipe, g is the acceleration due to gravity; and the 
product of P and T is conveniently and accurately determined 
by producing a pressure-time diagram in the manner hereinbefore 
described. It is not necessary to obtain separately the respective 
values of P and T. It should be noted here that in practice the 
friction and velocity heads of the flowing water must be accounted 
for in the manner already explained, and it should be remembered 
that P is the average, not the maximum, pressure during the time 
T, and that the influence of the elasticity of water and of the walls 
of the pipe has been neglected. Whenever this refinement is 
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necessary the latter may be taken into account and its relation 
to the velocity destroyed is explained in the author’s paper al- 
ready referred to, which, while not usually essential in the practical 
use of this method of measurement, will be found useful in fixing 
a convenient period of time to allow for the duration of the closure 
of the turbine gates. 

77 Referring now to Fig. 8, the ordinates represent  pres- 
sures to a certain scale and the abscissas represent time to a 
certain scale. On this or any such diagram let 


A = net area in square inches, after eliminating the area pro- 
duced by the recovery of friction and velocity heads 

1 = length of diagram in inches from the point of beginning to 
the point of ending of the closure 

r = vertical height in inches corresponding to one foot of pres- 
sure change in the conduit 

S = horizontal length in inches corresponding to one second of 
time. 


Then the average pressure P = A/Ir, and the time 7 = 1/S, from 
which PT = A/rs. Substituting this value for PT in the equation 
for V given in Par. 75, then 


7. GA 
Sia rSL 
and substituting K for g/7, 
Pe Es 
SL 


78 If the pipe were of uniform area throughout its entire length 
this would be a convenient form in which the final equation could 
be used. The quantity of water Q flowing in the pipe would then 
be determined by multiplying the value of V thus found by the 
cross-sectional area of the pipe. 

79 When the pipe is not of uniform area throughout its length 
but is made up of a series of different sections of lengths li, l2, ls, 
etc., having areas A1, Ao, A3, etc., respectively, the relations given 
in Par. 75 hold for each section and the total impulse PT for the 
combined pipe will be equal to 1/g(li1 + lve + lyvs, ete.) = 1/gdlv. 
As this is the case usually found in practice it will be more con- 
venient to solve directly for @, which may be done by substituting 
Q/A1, Q/A2, Q/As, etc. for Vi, Vo, Vs, ete. The final equation 
then becomes: a 

K 
O- oF 


in which F = D(i/a), that is, the sum of the quotients ‘obtained 
by dividing the length of each uniform section of the pipe by the 
area of that section, and the other symbols are the same as used 
in “Par.7'7: 
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80 Reverting to Pars. 48 and 49, it was shown that the diagram 
such as Fig. 8 is a record to exact scale of the-changes of level of 
the mercury in tube D and that the change of pressure in the pipe 
in feet of water is 7[M(R-+ 1) — 1] times the change in level 
of the surface of the mercury, or, in other words, the ordinate of 
the diagram measured in inches. 

Then r by definition is 
1 


vs (M(R +1) - 1] 


but 
ee 
vhs 

therefore 


saya) a 
K = (M(R+1)-1) 


81 Proof will now be given of the method used in eliminating 
from the diagram that part of the gross area produced by the re- 
covery of friction and velocity heads. 

82 A general proof would require a complete discussion of the 
matter contained in the author’s former paper already referred 
to, but for the present purpose it will be sufficient to accept the 
equation given above in Par. 70 and proceed as follows: 

83 The second general principle as stated above is 


dh =~ dy 
g 


or expressing the relations that exist during any interval as in 
Equation [5], Par. 70, 


linea Mn eld Fe 
>< Eas 
2 a g 


(Vie Ser 3 


84 Expressed in words, this means that the excess pressure 
at the beginning of one ‘‘interval’”’ plus the excess pressure at 
the end of the same “‘interval’’ multiplied by the time of one 
‘Gnterval,” ie., 2L/a, is equal to a constant multiplied by the 
change of velocity that occurs during that interval. But the first 
side of this equation is equal to the area of the pressure-time 
diagram for one interval, if we assume that the curve from the 
beginning to the end of an interval is substantially the same as 
the chord between these two points. In practical cases this is 
always so, but even if extreme cases are considered it will be found 
on closer study that the differences caused by the departure of 
the pressure curve from a straight line between interval points 
are alternately plus and minus and thus tend to equalize the slight 
error that might otherwise be introduced. Usually the length of 
an “interval” on a diagram is so small that no difference can be 
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APPENDIX NO. 1 


NUMERICAL EXAMPLE 
(Using simple diagram) 


87 The foregoing explanation will be made clearer and the use of the 
diagrams in practical work will be explained by the numerical calculation 
of the rate of discharge of water flowing in a conduit, using for the example 
the accompanying data and the diagram shown in Fig. 10. A 20-in. slide 
rule was used for the computations. 

88 Referring to the diagram, Fig. 10, it will be noted that the line 
through F is slightly higher than the record of the level of the static pres- 
sure. In locating and drawing the horizontal line through F it is necessary 
to consider the level of the water in the forebay at entrance to the penstock 
at the moment when the gates of the turbine are closed. The record of 
the static pressure may have been taken at a time when the forebay level 
was slightly different from its level at the end of the closing time, and this 
difference must be allowed for. The line through F/ should represent the 
static pressure at the moment the gates close or at the point where the 
pressure-time diagram (during closure) ends. In this example the forebay 
level, as obtained by the neutral line #M and checked by the record of 
headwater level taken during the test, was slightly higher at the moment 
the gates closed than it was at the time the record of the static pressure 
was taken. : 

89 In the same way, to obtain the correct height corresponding to 
hy + hy (the sum of the’ friction and velocity heads) the forebay level just 
prior to the shutdown must be used. The proper line on the diagram is 
obtained as before with respect to the level at the time the static pressure 
is recorded on the diagram. In this example the forebay level just prior 
to the shutdown was 0.23 ft. lower than it was at the time the record of 
static pressure was taken. 

90 Then changing from feet of water to inches on the diagram, 


 (M(R+) - 1] 
: 12 


OR23 = 0.073 in. on the diagram 

The correct height of h, + hy under running conditions is thus obtained 
by measuring down from the static-pressure line the distance correspond- 
ing to the change in forebay level, i.e., 0.073 in. as at PP’. 

91 Instead of producing horizontally through F the line representing 
the forebay level at the end of the closing time, a line representing the surge 
in the forebay during the time of closure may be plotted on the diagram 
separately, thus forming a rising datum as indicated by the dotted line 
ORS, and should not be included in the ordinate C. The true value of C 
representing h, + hy only or the ordinate MS is then pointed off at intervals 
above and along the line ORS and a line is then drawn through these points 
parallel to ORS. 

92 In this case, however, where the change in forebay level was small 
the position of the recovery line ONM was the same when calculated 
either by assuming the whole ordinate LM was recovered or by the more 
precise method of plotting a rising datum and the recovery of the true 
ordinate MS representing friction and velocity head. 

93 The first assumption for the curve of rising gradient between O 
and M, shown on the diagram by dotted line, having been made, and the 
diagram divided into small areas a1, a2, etc., these small areas, above the 
dotted line OM, are now measured by planimeter and added together to 
give the total area, the various steps being taken in the following manner 
and the results set down as shown in Table 1. 

94 As already stated, the method herein described measures only the 
quantity of water actually shut off, and if any quantity remains flowing 
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in.the conduit it must be measured separately and its amount added to 
obtain the total discharge. If this leakage is relatively small, no appre- 
ciable error is introduced by assuming that the leakage velocity is zero when 
calculating the results from the diagrams, but since the difference between 
the squares of two quantities is not the same as the square of their difference, 
it becomes necessary to have regard to this fact when the leakage quantity 
is relatively large. As the complexity or length of the calculations is not 
materially increased by taking leakage velocity into account in calculating 
the results from the diagrams, it is perhaps better to do so at all times 
whether the amount be large or small, and in the following example this 
will be done. 

95 At the top of Table 1 on the left-hand side, the name of the plant, 
the date of the test, the number of the unit, and the number of the run will 
be entered for identification, and on the right-hand side, the pipe factor 
F, the instrument constant K, the pressure scale of the diagram, and the 
value of the ordinate h,+hy;, all of which have already been explained, 
will be set down for convenient reference. 

96 The first four columns of the table show respectively the designating 
letters of the small areas, the planimeter readings, the differences between 
these readings, and the net area of each small division. The mean of at 
least two determinations of each area is used in order to do the planimeter 
work as precisely as necessary. The planimeter used in this example was 
one of the * Precision ’’ type which reads to half-scale, so that the sum of 
two separate determinations would therefore give the mean area to full 
scale. It will be noted that in the fourth column the correction for slot 
has been made by multiplying the vertical height of that part of the area 
which requires the correction by the width of slot (in this case 1/32 in.) and 
subtracting this product from the gross area, as explained in Par. 54. This 
is simpler than marking on the diagram the dotted line as shown in Fig. 8. 

97 The fifth column in the table is obtained by adding together suc- 
cessively the net areas in column 4. The last line in this column will show 
the total net area of the diagram above the assumed recovery line. In 
the first trial it is not necessary to check the sum of the small areas by 
measuring the total area direct, but this is done only after the final-recovery 
line has been located. 

98 An imaginary area is now added to the total area in column 5 pro- 
portional to the leakage velocity which has not been destroyed. That is 
to say, if the leakage velocity had been destroyed, the area A would have 
been proportionately larger and the increase in area would have occurred 
after the point K (Fig. 10) had been reached. The amount of the addi- 
tional area is easily calculated because the leakage quantity having been 
determined (in this case 10.7) as explained in Pars. 22 and 23, the equation 
Ay = qSF/K which is derived from the final equation given in Par. 79 


may be used. In this equation q is the leakage quantity, A; the imaginary 


leakage area, and the other symbols have the same significance as before. 

99 It is now necessary to determine the value of S, which is done simply 
by measuring the distance in inches between an even number of second 
marks to be taken as nearly as possible within the length of the main part 
of the diagram. As many seconds as possible should be chosen. In the 
example the distance marking 18 sec. was 8.505 in. and therefore S = 
8.505/18 = 0.4723. Inserting this value in the above equation, Az is 
found equal to (10.7 * 0.4723 x 1.939) /96.55 = 0.102. 

100 This value having been added to the total at the foot of column 5, 
the remainder of the table may be completed as follows: 

101 In column 6 the ratios 11, 72, 73, etc., of the successive sums of the 
sma}! areas to the total area A; + Ay, are set down. Thus for example, on 


the first line the ratio will be 0.745/16.326 = 0.046. In column 7 the 
value of (1 —r) and in column 8 the value of (1 —7r)? are computed and 
entered in their respective places. Column 9 shows the product of the 
amounts shown in column 8 and the value of h, + hy. As previously ex- 
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plained, column 8 may be multiplied by the value of C, which includes 
hy» + hy and the surge in the forebay if this is small. In this case the values 
in column 9 would be measured down from the line FM produced to locate 
the 1ecovery line ONM. But when the forebay surge is plotted on the 
diagram as described in Par. 91, the value to be used is only the height of 
the ordinate h,-+h;s, or what is the same thing, the ordinate MS. In 
this example the latter value has been used and as shown is equal to 0.66. 
On the diagram, Fig. 10, C is shown equal to 0.798, but the difference be- 
tween the two values must be kept clearly in mind. 

102 The figures in column 9 represent the values of the ordinates fy, 
hg, hz, etc., to be measured down from the line P’M, which is parallel to ORS. 
The points thus determined are then joined together to form the recovery 
line ONM. If the line ONM so formed is not relatively close to the trial 
line just assumed it will be necessary to repeat the process explained above, 
using the line ONM as a new trial line. Usually, however, after a little 
practice it will be found easy to locate the first trial line so that a second 
trial need not be made, and the line ONM found from the first set of com- 
putations will be the true recovery line as closely as it can be drawn. 

103. The recovery line ONM having thus been found and drawn, the 
total area above this line and within the limits of the diagram OBBKMN 
as previously defined is then measured by planimeter, the total area being 
corrected for width of slot as before. In this example the area found in 
this way was 16.406 sq. in. and the total correction for slot 0:229 sq. in., 
making a total net area of 16.177 sq. in. 

104 A slight correction of the quantity A/S which appears in the final 
equation is sometimes required to allow for the shrinkage or stretching of 
the blueprint, and as the photographic films have no appreciable variation 
in dimensions before and after developing, the correction may be made by 
taking the ratio of width of film to the corresponding width of print; and 
as the value of S is obtained from the print itself, the correction may be 
applied directly to the value of A. The width of film, measured in fifths 
of an inch, was 54.58, and the corresponding width of print, 54.47. The 
corrected net area of the diagram is therefore 54.58/54.47 < 16.177 = 
16.21 sq. in. 

105 The equation Q = KA/SF, given in Par. 79, may now be solved 
from the data already obtained as follows: 


96.55 X 16.21 
@ = 0 4793 x 1.939 ~ 1798 


and adding the leakage g= 10.7 


the total discharge = 1718.7 cu. ft. per sec. 

106 The remaining figures in the data sheet, Table 1, will require but 
little explanation as their significance is sufficiently obvious. The value 
of the friction head hy in the penstock to the point where the apparatus 
was attached may be found by separating out the value of the velocity 
head hy from the sum of hy +hy. The latter is equal to 0.66 in. on the 
diagram, which corresponds to 0.66 x 3 ft. of water pressure. The net 
head at entrance to the turbine casing will be determined in the usual way, 
and from the records of headwater and tailwater the total friction loss to 
this point will be obtained. From the power records, generator efficiency, 
net head, and quantity of water, the combined efficiency of turbine and 
generator, and the turbine efficiency are derived. 
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TABLE 1 TURBINE EFFICIENCY TESTS GIBSON METHOD 


Plant: Hydraulic 


lv 
Date of test: Aug. 17, 1920 R= 2 chan 1.939 
Unit No. 16 K = 96.55 
Run No. 15 1 in. on diagram = 3.00 ft. 
Planimeter readings half scale hy the = 0.66 in. 
OU) cc) (3) (4) (5) (6) (7) (8) (9) 
Plani- Mean area 2 
No. meter Diff. corrected Da r (l—r) (1 —r)2 Ca) ax 
readings for slot (hy + hy) 
Huda cines VOTE aD. B24 
0.415 0.079 0.745 0.046 0.954 0.912 0.602 
45.307 pose Seis 
0.745 
pe eo eden ge ibe G70 
45.995 1.191 0.015 3.109 0.191 0.809 0.655 0.432 
2.364 
eM aoe it Con sale (ee 
48322 0.867 0.058 4.785 0.293 0.707 0.500 0.330 
1.676 
peered el 206 to (aL obs 
i 0.068 1.277 0.006 7.332 0.449 0.551 0.304 0.202 
; 2.547 
seal Sere He Mange ea 
9 587 1.116 0.041 9.527 0.584 0.416 0.1738 0.114 
: 2.195 
‘ ete 1-146 3-287 
A gyp) VA4l 05 2000) 11/814 0.724 120.276") 0.0761) 60.050 
; 2.287 
ys Bo peoes Orp9e'"\. ‘Top 
i 6.681 0.991 0.024 13.777 0.844 0.156 0.024 0.016 
: 1.963 
10.657 
12225 2.45: 
as 9.429 ri 
8.204 1.225 0.006 1G, 224 = Aisa) |) Sefacaye sep bd Fors0e see Bae AES 
2.447 
Leakage area Ay = 0.102 Leakage area on diagram: 
Wotale sce < 16.326 10.7 X 1.989 X 0.4723 
’ 96.55 = 0.1016 
: ; pe ee 4258 7 
meio nebaned: Correction for print = 54.47 xX 16.177 = 16.21 
40.643 8 910 hy +hy =3.00 X0.66 = 1.98 
32.433 ; 
8.196...16.406 Alacer er id i 
24 237 a hy = Gee) 164.4 = 1.29 
16.177 To apparatus hy = 0.69 
Net area A = 16.21 Headwater elevation = 556.20 
S = 8.505/18 = 0.4723 Tailwater elevation = 342.15 
96.55 X 16.21 _ Gross head = 214.05 
© = T9390 x 0.4723 ~ 1/08 (Dotarbinev ig —=ArST15 
Leakage q =e LO Net head = 210.90 
Total cu. ft. per sec. = 1718.7 
Generator kw. = 27,648 Combined efficiency = 90.3 per cent 
Generator hp. = 37,061 Generator efficiency = 98.55 per cent 
Turbine hp. = 37,600 Turbine efficiency = 91.6 per cent 
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APPENDIX NO. 2 


THE CORNELL TESTS 


107 In order to obtain satisfactory proof of the accuracy of this new 
method of measurement, arrangements were made with Dean E. E. Haskell, 
of the College of Civil Engineering at Cornell University, to have a thorough 
test made by comparison with volumetric measurements at the hydraulic 
laboratory of the university. This experimental work was undertaken in 
the interest of The Niagara Falls Power Company in order to comply with 
the requirements of the engineers of the United States War Department in 
charge of the regulation of the use of the waters of the Niagara River under 
the treaty between the United States and Great Britain. 

108 The laboratory work was carried out under the direction of Dean 
Haskell and under the personal supervision of Dr. E. W. Schoder, the 
professor in charge of the laboratory. Dr. Schoder, with the help of his 
assistants, Messrs. J. H. Stalker and J. A. Thomas, made the volumetric 
measurements, and the author and his assistant, Mr. P. F. Kruse, had charge 
of the Gibson measurements. 

109 Dean Haskell, Dr. Schoder, and the author submitted separate 
reports covering the experimental work in detail, but for the purpose of 
this paper it has been considered necessary to include only the summary of 
the results as compiled in Table 2, which gives the comparison of the volu- 
metric and Gibson measurements. An examination of this table will show 
the precision that has been attained in the measurement of water by the 
use of the method and apparatus described in this paper. 


TABLE 2 COMPARISON OF VOLUMETRIC AND GIBSON 


MEASUREMENTS 
(Record of tests made under approximately the Niagara conditions) 
Discharge, 
Test Field Date cu. ft. per sec. Per cent 
No. No. 1920 Volumetric Gibson variation Remarks 
20-E-1 45 June 11 20.27 20.31 +0.2 Tube R = 1.335 
20-E-2 46 Junell 20.42 20.52 +0.5 
20-E-3 47 June 11 20.45 20.65 +0.9 
20.38 20.48 +0.5 Mean of series. 
30-A-1 5 May 24 30.38 30.51 +0.4 
30—A-2 6 May 25 SU OS™ ees Unc aeeats Poor diagram (not 
30-A-3 7 May 25 30.69 S15 EGE completed). 
30.57 30.82 +0.8 Mean of series. 
40-A-1 8 May 25 42.24 42.17 —0.2 
40-A-2 May 25 41.94 42.28 +0.8 
40-A-3 10 May 25 42.22 42.09 — —0.3 
40-A-4 12 Mia? 250 ieee. BLOG dle Oly ates Volumetric not taken. 
42.13 42.12 0.0 Mean of series. 
40-C-1 30 June 4 40.36 40.41 +0.1 
40-C-2 31 June 4 40.36 40.90 +1.3 
40-C-3 32 June 5 40.98 40.88 —0.2 
40.57 40.73 +0.4 Mean of series. 
50-A-1 15 May 29 AG<S20) See 2 ee Film fogged, diagram 
50-A-2 16 May 29 46.95 46.60 —0.7 invisible. 
50-A-3 17 May 29 46.98 46.60 —0.8 
46.92 46.60 —0.7 Mean of series. 
50-C-1 33 June 7 50.30 49.95 —0.7 
50-—C-2 34 June 9 50.66 51.47 +1.6 
50-C-3 35 June 10 50.93 51.15 0.4 
50.63 50.85 +0.4 Mean of series. 
Total of Means...... 231.20 231.60 +0.2 Mean variation of all 


tests. 
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CLEMENS HerscueL.2 Water measurements, as described in the 
papers by Messrs. Allen and Taylor and Mr. Gibson, are essen- 
tially methods of work, to be used by engineers, to arrive at certain 
desired results. The principal use that can be made of these 
results in the existing trend of hydraulic engineering is to find the 
efficiency of hydraulic turbines at disjointed intervals. Neither of 
the methods described is hardly competent for more than this. 

Neither method will record continuously on a diagram the dis- 
charge of a hydraulic turbine. But precisely this thing has been 
done at the Ogden (Utah) power house of the Utah Light and 
Power Company for twenty years, providing assurance to the 
operating force that the water supply was constantly being used 
to the best advantage, and that all parts of the turbine were in 
normal condition. In one case we have engineers using able 
methods to make single detached gagings. In the other case a 
machine meters the water continuously, records its flow on a 
diagram, and keeps a constant watch on the condition of the tur- 
bine. This illustrates the difference between the use of an en- 
gineer’s instrument and a water meter. And if metering be desired, 
it is believed that for hydraulic-turbine practice the venturi meter 
stands alone. 

The fact that the venturi meter uses a coefficient, should cause 
no hesitancy in its use. It is now thirty-five years since it was first 
rated, and a large body of experimental determinations of this 
coefficient of rating are on record.? Some engineering determina- 
tions may be accepted as proved. The venturi-meter coefficient is 
one of these. Such experimental coefficients have never been found 
to vary materially in the case of pipes and penstocks of the ordinary 
sizes. For example, on the New York water supply there are 
meters capable of passing 800 cu. ft. per second. The sum of the 
records of a dozen or twenty branch meters drawing out a quantity 
of water passed by the master meter agrees with the record of the 
latter. 

The use of a venturi meter in any hydraulic test permits the 
quantity of discharge to be selected and attained before the ex- 
periment begins. Thereafter, this quantity can be varied by even 
increments, an advantage in making such tests that is very great. 
Often a temporary meter tube could be put into the penstock, up- 
stream or downstream from the turbine. Carpenter work and 
machinist work is as legitimate an expense in testing water wheels 
as any other. 

Frequently, continuous metering of the turbine discharge is 
desirable. There is no necessity for a lapse of two or three-days to 


1 Joint discussion of Papers Nos. 1902 and 1903. 
2 Hydraulic Engineer, New York, N. Y. 
3 Trans. A.S.M.E., vol. 42, p. 191. 
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exist before the data and results for a certain discharge are ascer- 
tained. Loss of head need never be of material amount, and, if 
desired, could be entirely annulled by the use of one or two small 
bypasses. 

Consideration thus should be given in all cases whether it will 
be better to meter continuously, rather than merely to measure at 
disjointed times. From the number of power plants that are putting 
permanent venturi meters in the line of their penstocks, the writer 
infers that metering often is considered the better choice. 


H. K. Barrows.! The salt velocity method as described by 
Messrs. Allen and Taylor appears to be analogous to that of float 
measurements, in that the elements involved are the area and © 
length of channel used and the time required for the passage of the 
charge of salt solution between the two electrodes. This method 
has the advantage that the volume of the conduit can be determined 
with great accuracy. The limitation of accuracy of the method 
appears to be in the observation of the time of salt passage. This 
will vary somewhat, and the resulting accuracy will be less where 
the distance between electrode sections is short and the time of 
passage also short. In such cases as those of the tests at the 
Laurentide Power Company, where the distance was only about 
55 ft. and the time of passage 10 seconds, a relatively small error 
in time will make a considerable percentage error in the result. 
Under such conditions the salt solution should be introduced some 
distance above the first electrode. 

In regard to the laboratory tests where the results are referred 
to the discharge over a Francis weir as shown in Fig. 6 of the Allen 
and Taylor paper, the authors apparently used the mean Francis 
coefficient of 3.33. It should be remembered that this coefficient 
is likely to vary at least one per cent from the mean, and that the 
weir thus is not an infallible standard of comparison. On the other 
hand, the tests with the 8-in. pipe show a high degree of accuracy 
as compared to the discharge determined by weighing. The authors 
seem to have thoroughly demonstrated the accuracy of the salt 
velocity method in general. 

In the commercial testing of water turbines by means of specially 
constructed weirs, or by the chemical method of using salt solution, 
the expense is usually prohibitive. Current-meter methods are 
usually impractical, due to condition of flow. The salt velocity 
method would appear to be one not involving great expense, 
although a statement regarding relative costs would be of interest. 

This new method of measuring discharge is especially timely, 
applying, as it does, to the testing of water turbines with closed- 
flume or penstock settings. While this has often been accom- 
plished in the past for penstock settings by the use of the pitometer, 
the new method appears to be simpler and more accurate and 


1 Consulting Engineer, Boston, Mass, Discussion refers to Paper 
No. 1902. 
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adapted as well to concrete-approach flumes where the former 
method is impracticable, As concrete-approach flumes and vertical 
single-runner units have now become quite standard for low- and 


medium-head developments, the new method should have a wide 
field of use. 


Joun 8. Rippite.! The authors of the paper on the salt velocity 


© 
Oo 


6 8 joan 2 14 16 
Generator Output, !000 Kw 


Fie. 1 RELATION OF GENERATOR OUTPUT AND OVERALL EFFICIENCY 
ON 22,000-He. HypROELECTRIC GENERATOR OF LAURENTIDE 
PoweER Company, Lrp., ORDINARY SCALE 


Overall Efficiency, Per Cent 
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method of water measurement carried out the greater part of 
their work in the laboratory, but on such a scale and in such manner 
that there was good reason to believe that the use of this method 
on a large scale would have results of the same order, and serve to 
demonstrate its usefulness in determining water-wheel efficiency. 
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Fia. 2 RELATION OF GENERATOR OUTPUT AND OVPRALL EFFICIENCY 
ON 22,000-He. HyprorLecrric GENERATOR OF LAURENTIDE 
Power Company, Lrp., ENLARGED SCALE 


The Laurentide Power Company happened to have conditions 
affording an opportunity for such a practical trial. 

The conditions at the power plant were not especially simple, 
and it was well understood that the laboratory experiments should 
be supplemented by investigation at the plant. The water wheel 
is rated at 22,000 hp. at 84 ft. head and the water is delivered by 
the penstock at a rate greater than 2500 cu. ft. per sec. It passes 


1 Manager of Power, Laurentide Power Company, Ltd. Grand Mere, 
Quebec, Canada. Discussion refers to Paper No. 1902. 
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through a short, rectangular, converging penstock, as shown in 
Fig. 15 of the paper. 

While the electrodes of a screen or grill design give exceedingly 
accurate results, equally satisfactory results may be obtained by 
placing long, vertical electrodes in one plane at two vertical sec- 
tions of the penstock. The volume of the penstock between these 
two planes was accurately measured. 

The results of an efficiency test on the unit are best shown by 
the accompanying curves, Figs. 1 to 3. Figs. 1 and 2 show the 
relation between generator output and overall efficiency of the unit. 


Generator Output, 1000 Kw. 


0 400 800 1200 1600 2000 2400 2800 3200 
Discharge, Cu Ft per Sec. 


Fig. 3 ReELatTion oF GENERATOR OUTPUT AND DISCHARGE ON 22,000-HP. 
HyYpDROELECTRIC GENERATOR OF LAURENTIDE PowrnrR Company, Ltp. 


Fig. 1 is drawn to a usual scale and indicates test points all lying 
very close to a smooth line. Fig. 2 is drawn to a more open scale 
to emphasize deviations of the test points from the line, the maxi- 
mum deviation being about one per cent. Fig. 3 shows generator 
output and wheel discharge. While all points are close to some 
line, this fact does not establish the accuracy of the results, but 
does indicate consistency. 

A portion of the investigation carried out by the authors to 
demonstrate the accuracy of the method consisted of an exploration 
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per cent. These results of measurement on a complex system 
of tubes, averaging some 50 ft. in length, gave us any needed 
confidence in the test made on the Laurentide single 55-ft. 
penstock. 

The means for use of this method as developed by Professor 


TABLE 1 COMPARISONS OF DISCHARGE AS MEASURED IN 
GATHERING TUBE AND MAIN PENSTOCK 


-— Cubic Feet per Second — Differences, 
geipene Tube Main F ohotcals Per cent of (B) 
2904 2924 —0.7 
2655 2651 +0.2 
2618 2604 +0.5 
1884 1891 —0.4 
1874 1882 —0.4 
1595 1584 +0.7 

Average 0.0 


Allen appeared well calculated to provide for accuracy. <A single 
test at a given rate of discharge was made in a small fraction of a 
minute. Tests were repeated easily, and for each load several tests 


Main 
Electrode 


Fic. 5 ARRANGEMENT OF ELECTRODES IN GATHERING TUBES 


were made, all in a few minutes. The averages of such repeated 
tests appear as test points on the curves. 

One convenient and important feature was the accuracy’ of 
measuring generator output. This was done with a laboratory 
watt-hour meter read for an exact number of minutes, which gave 
a true average value of the power developed during that period 
when the several water measurements were being made for each 
load. The chances for error due to possible fluctuations in com- 
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mercial loads were thus definitely reduced. The net results of all 
this work assured us that the efficiency test had a highly satisfac- 
tory degree of accuracy. 


R. W. Ancaus. The most valuable application of both the salt 
velocity and the Gibson methods is in measuring the efficiency of 
hydroelectric units. The methods appear to differ in the following 
respects: In the Gibson method the measurement extends over a 
very short time, and as efficiency depends on both the water and 
the electrical measurements, both must be made with accuracy if 
the computed efficiency is to have any real meaning. It is doubtful 
if the electrical-output measurements have the same accuracy as 
the water measurements made by the Gibson method, partly be- 
cause the electrical changes are not in phase with the hydraulic 
ones. Hence, if the load is not absolutely steady, and the speed is 
increasing, for example, the water measured may be storing up 
kinetic energy in the rotating elements as well as delivering power, 
so that the output would show a lower efficiency than that actually 
obtained. 

On the other hand, the salt velocity method described by Pro- 
fessor Allen permits the average of the electrical results to be used, 
since water measurements are being made that can be continued 
over a considerable period of time. Even though the electrical 
measurements should not be made with absolute accuracy, or the 
speed of the unit should vary slightly, the average over a period, 
as taken by a wattmeter, might give closer results in regard to 
efficiency. 

Professor Allen in Par. 32! gives a coefficient of 3.33 for the 
Francis weir. It is not clear whether Professor Allen intends this 
particular coefficient to be used or not. The coefficient from the 
Francis experiments seem to vary from 3.30 to 3.36, with a possi- 
bility of 0.3 per cent error. 

Both the Gibson and the salt velocity methods can be used with 
accuracy on long penstocks. There are many plants, however, 
especially low-head plants, where the distance from headwater to 
turbine is very short and in such circumstances one method may 
be more accurate than the other. While Mr. Gibson has not given 
any figures for such plants, the experiments at the Laurentide 
Power Company apparently show that the salt velocity method is 
equally applicable to low-head and high-head plants. 


Paut F. Kruss.2. The writer has been deeply impressed by the 
fact that throughout the application of the Gibson method to 
widely different conditions of pipe-line design and various types of 
governors, turbine gates, or penstock valves, consistent and’accu- 


1 Paper No. 1902. 
2 Sanderson & Porter, New York, N. Y. Discussion refers to Paper 
No. 1903. 
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rate results have been obtained which have invariably verified the 
theoretical relations employed by the author. 

In connection with Pars. 16 and 18, the writer wishes to call at- 
tention to the practical relation between gate travel and the charac- 
teristic shapes of the pressure-time diagrams resulting from different 
heads and different types of turbine gates and penstock valves. 
While these factors do not affect the area of the pressure-time dia- 
gram from which the velocity of flow is computed, the writer has 
found a prior consideration of them useful in choosing the time and 
rate of closure, and in the adjustments of the Gibson apparatus, in 
order to obtain the most easily and accurately interpreted diagram. 

It is interesting to note the similarity in the shapes of the pres- 
sure-time diagrams in the practical application of the Gibson 
method, and the theoretical shapes of the rise of pressure curves 
as affected by the head. For low heads and uniform reduction of 
gate openings the pressure-time curve rises gradually to a maximum 
at or near the end of the closure. For moderate to high heads 
the characteristic curve shows the pressure to rise rapidly at the 
beginning of the stroke and thence to be maintained fairly steady 
to the end of closure. The pressure-time diagram, Fig. 10 of 
Mr. Gibson’s paper, for a head of approximately 215 ft., is a prac- 
tical example of the latter type. 

The characteristic shapes of the diagrams are somewhat affected 
by the type of gate or valve as well as by the head. With wicket 
gates a uniform motion of the gates produces a uniform reduction 
of the discharge opening. Cylinder gates destroy the major part 
of the velocity in the latter part of the stroke, causing a maximum 
pressure ordinate at or near the end of the diagram. A butterfly 
valve in the penstock gives a characteristic shape of diagram for 
uniform motion of the gate, in which the pressure rise is a maximum 
at a point approximately intermediate between the beginning and 
end of the stroke, dropping back to approximately normal pressure 
at or near the end of closure. Due to these differences it may be 
desirable to instruct the operator at the governor or valve to vary 
the rate of gate travel in the manner predetermined as best suited 
to the particular case. 

The equations employed in the Gibson method are composed of 
factors all of the first order and entirely free from experimental 
coefficients. The accuracy of water-flow measurements by this 
method depends only on the precision with which the physical 
measurements of pipe lines, calibration of apparatus, and delinea- 
tion and measurements of the diagrams are made. It may be 
expected, therefore, that flow measurements may be made in the 
field with laboratory accuracy. 


K. B. StrowcEr.! The writer has made practical use of the 
Gibson method in tests of various water wheels in the plants of the 


1 The Niagara Power Co., Niagara Falls, N. Y. Discussion refers to 
Paper No. 1903. 
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Niagara Falls Power Company. As an indication of the accuracy 
a oe measurements by this method two examples may be 
cited. 

The first case was the testing of a 55,000-hp. turbine under a 
head of 312 ft., the penstock to the turbine being about 500 ft. long. 
Two independent measurements of discharge were made, with 
separate instruments connected at different points on the penstock. 
The lengths of penstock to the first and second instruments were 
369.17 ft. and 309.88 ft., respectively. The diameters of penstock 
at the first and second instruments were 16 ft. and 14 ft., respec- 
tively. Pressure-time diagrams were taken simultaneously, with 


Turbine Hp. in Thousands 


4 |4 24 34 44 54 64 
120 sores z | 
100 
ie 30 7 
rw) stack dea 
t 
oO 
60 
lop) 
f= 
o 
a 40 Data 
ye TESTNO./ © TEST NO.2 & 
a Fl 742 F235 
& R=/802 R155 
F=9945 K=88.98 
(¢) [ ib 
0 500 1000 1500 2000 2500 5000 


Discharge ,Cu. Ft. per Sec. 


Fie. 6 Gate-OPpENING-DISCHARGE AND GATE-OPENING-POWER CURVES 
For 55,000-He. Turspine; Ner Hwan, 312 Fr. 


the exception that the first seven runs were not taken with instru- 
ment No. 1. Fig. 6 shows the discharge-gate-opening and power- 
gate-opening curves together with the constants for each test. The 
constants F indicate a different location of the instruments and the 
constants R a different ratio of glass-tube area to riser-tube area. 
The maximum divergence of any point in one set of observa- 
tions is about 0.5 per cent and in the other set of observations 
about 1 per cent. Two sets of power determinations are shown 
in Fig. 6. The power output was measured by the same instru- 
ments in both tests, but a slight variation in head observations 
caused a slight difference in correcting the power readings to a 
uniforra head. 

The second test cited is that of a 10,000-hp. unit operating 
under a head of 212 ft. with a penstock to the turbine 250 ft. long 
and 9 ft. in diameter. Two tests were made about two months 
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apart with independent apparatus for each test as noted in Fig. 7. 
The area of the penstock at the point of attachment in test No. 1 
was 50 sq. ft. and in test No. 2 was 57.4 sq. ft. The lengths of 
venstock from forebay to point of connection in tests Nos. 1 and 2 
were 256.20 ft. and 237.66 ft., respectively. Fig. 7 shows the 
power-discharge curve established by the two tests, the results 
being practically identical. 

The ability to make repeated tests on the same unit with identi- 
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cal results, using independent equipment, not only serves as an 
indirect check on the work, but indicates that a water wheel itself 
when once calibrated is an indicating flowmeter. It is only neces- 
sary to establish the power-discharge or the gate-opening-discharge 
relation by a test which may be made by the Gibson method. It 
may be desirable to recalibrate every two or three years or after 
major repairs on the wheel. 


_ BR. D. Jounson. The two methods that have been presented 
in the foregoing papers offer probably the most accurate means for 
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measuring water known at the present time. Both are direct 
methods in the sense that they do not depend upon experimental 
coefficients. Professor Allen has divided water measurements into 
two classes, a direct method analogous to weighing or measuring by 
volume, and an indirect method which depends upon experimental 
coefficients. The two methods which have been presented are di- 
rect methods and depend upon simple fundamental laws, and their 
accuracy is merely the accuracy of the observer. Both are just as 
accurate, intrinsically, as weighing or measuring the water. The 
Gibson method is a gravimetric method. The momentum is weighed 
and the volume is known. In principle the method is the same as 
running the water into a pail and then weighing it. Professor 
Allen’s method, on the other hand. is purely volumetric. Using 
the same comparison, the pail of water is not weighed, but the 
water is run into a pail of known volume. Both methods, in prin- 
ciple, are much alike and there is nothing to choose between them 
in the matter of accuracy. 

This statement is made advisedly as the result of a personal ex- 
perience in 1914 at the plant of the Salmon River Power Company 
where a great many measurements of the water in a 10,000-ft. 
pipe line were made by the color velocity method. This pipe line 
was regulsted by a differential surge tank which also measured the 
water in three ways when the flow was interrupted by closing the 
wheel gates; one way is by application of the impulse diagram 
derived from the measured surge with respect to time with a known 
volume in the pipe line; the second way is to take account of the 
total volume of water flowing into the tank following a shut- 
down and to compute the work done by it against the pressure, 
thus determining the kinetic energy destroyed and thereby com- 
puting the flow prior to the shutdown; the third method, the 
simplest of all, is to plot a curve indicating the diminishing rate 
of rise in thé surge tank of known area, and to project this curve 
to its origin where the tangent at that point measures the rate of 
flow. 

The purpose of these elaborate water measurements was not 
to demonstrate the usefulness of the surge tank as a meter but 
rather for the purpose of calibrating the wheel gates by the color 
velocity method, which was thought to be quite reliable. In fact, 
the accuracy of the water measurements by the surge tank or even 
its function in this respect was not thought of until Mr. Gibson 
demonstrated his method. 

The surges themselves, however, were carefully compared by the 
above three methods with the flow as found by the color velocity 
method and a perfect check established to agree almost beyond 
belief. 

It is therefore now apparent in the light of Mr. Gibson’s ex- 
planation of his method that the flow was actually measured by the 
surge tank, and that these measurements constituted a perfect 
check upon the color velocity method, which latter does not differ 


388. MEASURING THE FLOW OF WATER 


in principle from the Allen method. It merely differs in the kind 
of eyes which are used to determine the passing of the particles 
suspended in the water, and I think that Professor Allen has 
demonstrated that the manner by which he sees them is more uni- 
versally applicable and more accurate in some cases than the color 
velocity method. On the other hand, it is also evident that at 
least one of the methods by which the water was measured in the 
surge tank agrees perfectly in principle with Mr. Gibson’s method. 
It therefore appears, as above stated, that there is nothing to 
choose in the way of accuracy between the two methods under 
discussion. 


H. Bircuarp Taytor. The writer is impressed with the speed 
with which accurate determinations of quantity of water can be 
made by means of either of the methods described. Some seven- 
teen years ago, when the first 10,500-hp. turbine at Shawinigan 
Falls was tested by traverses with pitot tubes in the penstock, 
the preparation for the test required two weeks. From ten days 
to two weeks were required to make the readings and about one 
month to work up the results completely. 

The writer is satisfied that with reasonable lengths of conduits 
either the Gibson or Allen method is extremely accurate, but he is 
not prepared to state at this time what accuracy would be obtained 
with units involving short intake passages. The problem of prop- 
erly testing a water wheel has now been reduced to a compara- 
tively simple matter and the total cost incurred in a complete test 
under the new methods is far less than the costs involved with the 
older methods, not only because of the shorter time required but 
because the interferences with the normal operations of a plant 
are now reduced to a minimum. 


Tuomas H. Hoce.! The Gibson method is a method of measur- 
ing flow and is not a method of determining the efficiency of hy- 
draulic turbines, although it is primarily devised to measure flow 
in connection with efficiency tests. So far as the measurement of 
flow is concerned, provided that a steady load is on the machine 
or a steady condition of flow exists at the instant of closure of valve 
or gate, there can be no question as to the accuracy of the results. 
There is, however, a question regarding the measurement of power. 
In tests of units of 65,000 hp. with a flow of 2300 cu. ft. per sec. at 
a head around 300 ft., we have found certain discrepancies which, 
when analyzed, were due to the measurements of power. In some 
cases the frequency of the system was changing, and with units of 
that capacity and with the tremendous wr? tied up in the rotor, a 
considerable amount of power will be absorbed or given off at each 
change of speed. This statement is not a criticism of the method 


1 Assistant Hydraulic Engineer, Hydro-Electric Power Commission, 
Toronto, Canada. Discussion refers to Paper No. 1903. 
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of measuring the water. It is simply a fact that must be recog- 
nized in determining the efficiency of hydroelectric plants. The 
measurement of the water is absolutely accurate, but the output 
of the machine must be adjusted by taking the load readings and 
adjusting for change of frequency. 

In Par. 67 the author mentions the possibility of using, under 
certain conditions, two instruments at separate points on the pipe 
line to secure two diagrarns, the area of one to be subtracted from 
the area of the other. In attempting this method at the Ontario 
Power Company, we found considerable difficulty in synchronizing 
the diagrams. The writer believes that the differential method may 
be utilized by attaching one instrument to two different points of 
the penstock. 

In regard to the advantages of the Gibson method, it has effected 
a tremendous saving to the Ontario Hydro-Electric Commission. 
It has been used to test an aggregate turbine capacity upward of 
900,000 kw. in three of the largest plants controlled by- the Com- 
mission, and also in testing a large number of smaller plants ranging 
from 1200 to 6000 hp. The economic importance of accurate 
methods of measuring flow may be gaged from the fact that within 
three years there will be installed at Niagara nearly 1,000,000 hp. 
on the Canadian side. We are limited to a certain flow from the 
Niagara River and are required by the engineers of the control 
board instituted by the United States and Canadian governments 
to perform satisfactory tests on the individual units at Niagara to 
determine the flow in each at different gates and under different 
load conditions. The results of these tests will determine the 
amount of power that can be taken from the Niagara River. Now 
one per cent of 1,000,000 hp. is a considerable amount of power. 
Narrowing the limits of variation will mean the addition of 
considerable revenue. One of the best indexes to the value of the 
Gibson method is the expressed satisfaction of the government 
engineers as to its accuracy. 


Witi1amM Monroe Wuirte. ‘Tests of hydraulic-turbine installa- 
tions by accurate methods such as those described by Professor 
Allen and Mr. Gibson will have a decided effect upon the quality 
and performance of hydraulic-turbine machinery, because they 
will enable us to determine, at the installation, whether a cer- 
tain shape of runner blade, draft tube, or cone center has a 
beneficial effect, and will give the manufacturers a check on the 
tests made on small models. This will tell them whether or not 
slight changes which show such radical improvements in the 
small shop models will have the same relative effect in the power 
house. 

Heretofore we trusted absolutely to the electrical output as 
recorded by calibrated instruments. Recent tests by both the 
Gibson and Allen methods have proved that the water can be 
measured more accurately and more reliably than the electrical 
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output. This fact alone certifies to the great improvement that 
these men have made in hydraulic-testing methods. 

The two methods are not antagonistic. For a particular in- 
stallation, if a thorough study is made it will undoubtedly be found 
that one of the methods will be most readily applicable. Each — 
has its advantages and has been found to give excellent results. 


AuTHorS’ CLOSURES 


Cuarues M. Auten and Epwin A. Taytor. Referring to Pro- 
fessor Angus’ question concerning the weir coefficient, an item also 
mentioned by Mr. Barrows, it was found in the laboratory test 
described in the first part of the paper that the determinations by 
the salt velocity method agreed with the venturi-meter readings 
throughout, and this meter had been calibrated by the weighing 
tank. At low heads on the weir there was considerable divergence 
between the salt velocity determination and the weir readings. 
This divergence increased as the head on the weir decreased. We 
were thus led to investigate the weir by means of the 50,000-gal. 
weighing tank, which enabled us to accurately determine the dis- 
charge over the weir. We then found that we had been using the 
wrong coefficients, and that the error in the weir under the particu- 
lar conditions of the test ran as high as one per cent. In all later 
tests the quantity by weir was taken from the calibration curve. 

In regard to the electrical results of an efficiency test, the usual 
run with the salt velocity method is from 5 to 10 minutes, during 
which time from 5 to 20 observations are made on both load and 
discharge. The average should give very accurate results. 

Mr. Herschel mentions the necessary lapse of several days before 
the results of discharge measurement are known. If only the usual 
accuracy of the older metering methods is desired, the discharge 
results by the salt velocity method can be computed while the 
salt is going down the pipe by counting the seconds either on the 
chart or by a stop watch. A preliminary discharge curve is always 
plotted as the test is run and a final discharge curve is frequently 
prepared during the evening of the test. 

Mr. Barrows mentions the applicability of the salt velocity 
method to open flumes. Since the paper was written, some com- 
mercial tests and also some extensive laboratory investigations 
have been made on open flumes. A flume 15 ft. wide, about 17 ft. 
deep, and 100 ft. long was used on some efficiency tests with very 
satisfactory results. The laboratory flume was 4% ft. by 5 ft., and 
28 ft. long. The results by the salt velocity method checked the 
Q by weir very closely. A permanent installation is now being 
designed for an open conduit in Massachusetts. 

Mr. Johnson refers to the color velocity method of water measure- 
ment. From experience with both the color velocity and the salt 
velocity methods, the authors believe the latter to be the more 
accurate. The graphical record of the salt curve is a very desirable 
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feature and if some method of recording the entire color curve could 
be used, it would increase the accuracy and value of that method. 

The authors appreciate Mr. Riddile’s presentation of some of the 
details and some excellent sketches of conditions on a test of the 
20-ft. concrete penstock at Shawinigan Falls. This method of 
checking results by measuring the same water in different sections 
of a conduit was recently used on a test at the New England Power 
Company’s plant at Searsburg, Vt. There the regular efficiency 
runs were made on a 6-ft. 6-in. steel penstock 500 ft. long, and 
some check runs were made on an 8-ft. wood-stave pipe 18,000 ft. 
long. The results check within one-half of one per cent. 

Mr. Taylor is impressed with the speed of the newer methods of 
measuring water as compared with the older ones. Last year one 
of the authors spent just two days at a plant in Vermont, made 
complete tests on two units—one at six gate openings and the 
other at four—and left the discharge results with the company’s 
engineer. 

Mr. Taylor also mentions that interference with the operating 
conditions while testing a plant can now be reduced to a minimum. 
In 1922 five salt velocity tests were completed without emptying 
the penstock or even shutting down the wheels. 

The authors agree with Mr. White that, under present condi- 
tions, the water can be measured more accurately than the electrical 
output. 


N. R. Greson. Mr. Herschel has apparently overlooked the 
means employed when he refers to the water measurements under 
discussion as essentially methods of work. He refers to the ven- 
turi meter, the excellent qualities of which have not been denied. 
But since this question has been raised — although it is not strictly 
included in the subject under discussion —it should be pointed 
out that the venturi meter becomes impracticable in modern power 
plants where the conduits are large. The permanent loss of head 
cannot be fully annulled by the use of bypasses as suggested, be- 
cause bends and the enlargement and contraction of the section of 
the conduit are always accompanied by loss of head. The expense 
of a temporary meter built of wood inside the conduit becomes 
prohibitive for large conduits. Furthermore, the venturi meter 
installed in a penstock does not record the flow correctly except 
under conditions of steady flow. The frequent adjustment of the 
turbine gates by the governor in a hydroelectric plant causes 
changes of pressure in the penstock which disturb the venturi-tube 
differential, because the change of pressure at the downstream 
piezometer is not of the same magnitude as the change at the 
upstream piezometer. This disturbance is relatively greater when 
the distance between the two piezometers is an appreciable part 
of the whole length of the conduit. The fact must not be over- 
looked that a water wheel is an excellent water meter when it has 
been calibrated by determining either the gate opening-discharge 
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relation or, in the case of hydroelectric power plants, the power- 
discharge relation. 

Professor Angus has evidently assumed that the electrical meas- 
urement in a test is made simultaneously with the water measure- 
ment and, therefore, a single electrical reading may be in error if 
the speed of the unit should happen to be varying. As explained 
in Pars. 14 to 17 of the paper, the gates of the turbine are fixed 
during a run and power may be observed as long as desired. Usually 
several readings of power are taken for a period of two minutes, 
employing a standard indicating meter, but these may be supple- 
mented by readings from a rotating standard integrating meter, 
and the duration of these readings may be made to suit any con- 
ditions. The variation in flow when the gates are fixed is inap- 
preciable within the limits of speed changes which occur under 
test conditions. Frequently it isfound convenient to plot the gate- 
opening-discharge relation and the gate-opening-power relation as 
shown in the example given in the discussion by Mr. Strowger, 
and from these two curves the power-discharge relation may be 
determined. Usually, however, three runs at each gate opening 
will give an average value which will eliminate any discrepancies 
in power readings. 

The discussions by Mr. Kruse and Mr. Strowger are based on 
their personal experience in the use of the method. 

Mr. Johnson has drawn an interesting comparison between the 
volumetric feature of Professor Allen’s method and the gravimetric 
feature of the author’s method, but his conclusion that both are 
much alike in principle is astonishing. It would be difficult to 
imagine two methods more unlike in principle, the one determin- 
ing the elapsed time required for a substance in the water to pass 
between two fixed points, and the other determining the product 
of pressure and time during the interruption of the flow. In 
regard to the surge-tank phenomena referred to by Mr. Johnson, 
as he states that its function in relation to water measurement was 
not thought of until the author demonstrated his method, it might 
be noted that there is a marked difference between working from 
a known velocity in the conduit to the surges in the surge tank and 
working in the reverse order from the surges to the unknown 
velocity. A part of the change of level in the tank is due to the 
change in friction and velocity heads in the conduit, and must be 
accounted for in some manner such as that used by the author. 

Mr. Hogg refers to the difficulty experienced in using two dia- 
grams taken at different points on the penstock. There is con- 
siderable difficulty in synchronizing two diagrams, especially when 
the gradient in the main conduit is affected by surges in a surge 
tank. A synchronizer has been devised for the purpose, but, as 
pointed out by Mr. Hogg, the development of the differential dia- 
grams shown in Fig. 11 of the author’s paper has led to so many 
advantages that there will probably not be many occasions when 
two diagrams will be required. 
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FLOW OF WATER IN SHORT PIPES 


By O. W. Boston,! Ann ArBor, Micu. 
Member of the Society 


The primary purpose of this paper is to present the method employed 
by the author in determining the frictional resistance or loss of head for 
water flowing in pipes. It is believed that this method, together with the 
mathematical determination of results, can be made use of in work of 
this nature at a great saving in time where tests in quantities are made 
for comparative analysis. 

Data for mathematical interpretation are obtained by allowing a tank 
full of water to empty, the water flowing through the tube, pipe, valve, 
etc., calibrated. In this way all velocities within the head range are avail- 
able in one test. The apparatus is simple and compact, making large 
weighing tanks and scales unnecessary. 

Values for the coefficient of discharge of short tubes of diameters from 
1 to § in., inclusive, ure computed and tabulated for heads up to about 
seven feet. 


puis. the academic year of 1916-1917 a series of experiments 
was undertaken at the University of Michigan to determine 
coefficients to represent the frictional resistance of the flow of 
water in pipes. Only the results for short tubes were completed, 
however, when the author entered the naval service. It is believed 
that the method employed in these experiments could be used to 
advantage if more commonly known, and because of its simplicity, 
brevity, and ready adaptability to many problems of this character, 
the mechanical and mathematical methods of investigation are 
presented below, along with a statement of the results obtained. 
Once a set-up is completed, many tests of a comparative nature 
may be run in a short time. 

2 In order to determine accurately the discharge of any pipe, 
the conditions under which the pipe is discharging must be known. 
These conditions are so varied and complicated that theoretical 
formulas give only approximate results. Accurate results may be 
had for every particular case, however, if the several quantities 
involved are modified by coefficients or exponents which have 
been predetermined for specific cases by experimental work. 


1 Acting Director of Engineering Shops, University of Michigan. 
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Nature or THE Tests UNDERTAKEN 


3 In the case of a straight pipe flowing full and discharging 
under a constant head into the atmosphere, the only losses in 
head to be considered are the head loss at the entrance, the head 
loss due to friction between the pipe and the moving water, and 
the head loss due to the internal friction of the water. It was 
intended through these experiments to determine for pipes ranging 
in even inches from 1 in. to 8 in. in internal diameter, inclusive, 
coefficients to represent 


_-- Board 
-[-" __-- Pipe Flange 
-~ _.- Short Pipe 


Fic. 1 Tank AND SHORT PIPE AS ARRANGED IN TESTS 


a Entrance loss 

b Friction loss per foot 

c Friction loss due to bends of various radii 
d Sudden-enlargement loss 

e Sudden-contraction loss 

f Friction loss of various types of valves. 


With the apparatus selected, these coefficients could be obtained 
for all heads between 0 and 6.8 ft. (i.e., for velocities between 0 
and 21 ft. per sec.). 

4 A set of discharge constants for all heads within the limits 
was obtained for each pipe diameter in one test by allowing a 
filled tank to empty itself, the water flowing out through the 
orifice, tube, or pipe as in Fig. 1, which shows a vertical section of 
the tank and short pipe. For simplicity the notation used is as 
follows: 

H = head of water above center of outlet, ft. 

A = cross-sectional area of tank at H, sq. ft. 

dH = drop in head in a small increment of time (dT 
seconds), ft. 

aT = time for the head to be lowered the distance dH, sec. 
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a = cross-sectional area of pipe (or outlet), sq. ft. 

C = coefficient of discharge, which is the relation between 
actual and theoretical discharge 

g = acceleration due to gravity, ft. per sec. per sec. 

v = average velocity in tube (ft. per sec.) for the head 7, 
which equals the theoretical velocity modified by 


the constant C, or v = Cv/29H; also 1. = Civ/2gHh, 


etc. 
Then 
dH : S 
aE A = discharge Q at head H in cu. ft. per sec. 
also 
dH, b : 
aT, A, = discharge Q: at head H, in cu. ft. per sec. 
1 
T=0 
H=Maximum 


Head in Feet,H. 
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T, To 
Accumulative Time in Seconds, TAT 


Fic. 2 Herap-Time Curve or Frow THroucuH PIPE 


5 The discharge through the short pipe for head H must also 
equal Q=av=aCv/2gH; also Q,=aCiv2gH, at head A. 
Therefore 


psadch Hf Ms 
—A=aCrv/2gH and At = a0v/2gH, 
1 


6 When the flow through the opening is started, the time equals 
zero and the head isa maximum. As the time is increased the head 
is reduced and follows a curve similar to that shown in Fig. 2. 
Also 7; is the time required for the head to be reduced to Mh, 
T, the time for it to be reduced to H2, etc. It is therefore. neces- 
sary only to measure experimentally this relation between the head 
and time to determine a coefficient of discharge for any open- 
ing. The value of (dH/dT) at any head H is the value of the 
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tangent to the H-7' curve at that point, and may be deter- 
mined as shown in Fig. 2 or by analytical methods. 


Tue Apparatus Usrep 


7 The apparatus used consisted of a cylindrical cypress tank 
8 ft. deep and 8 ft. in diameter, a head-time recording instrument, 
and a set of short pipes. After the tank was well soaked its cross- 
sectional area for each tenth of a foot above the center of the tube 
was determined. 

8 The head-time recording instrument consisted of a motor- 
driven drum 8 in. in diameter and 20 in. long. On the drum was 
mounted the data sheet. Two pens rested on the data sheet in 
such a way that, as the drum was rotated, two parallel lines were 
drawn. Also, as the drum rotated the pens were moved along its 
axis so that the parallel lines were really helices on the drum. 
One of the pens was attached by an electric circuit to a seconds 

clock so that each half-second 
La SO GS was indicated. The other was 
attached by an electric circuit 
= Hem max when 0 a float on the surface of the 


; = 32 water. The float was attached 
a to a fine wire wound on a small 
iS drum. As the float was lowered 
= ie with the surface of the water, 
18 the drum rotated and closed 
ne the electric circuit for each 
me tenth of a foot that the float 


was lowered. These two pens 
produced parallel lines with 
Fic. 3. Lines Drawn sy Pens or Steps as shown in Fig. 3. In 
Heap-Time Recorpine Instrument this figure d7’= AT or the 

time for the surface of the 
water to be lowered dH = AH or 0.1 ft. 

9 In running an experiment the point on the head line for 
initial or maximum head was noted and the time designated as 
zero. From this point on, the head was reduced 0.1 ft. for each 
contact; the lapsed time for each 0.1-ft. change in head was cal- 
culated and the individual times then accumulated. These values 
plotted give the head-time curve of Fig. 2. 

10 The short tubes or pipes were approximately 1, 2, 3, 4, 5 
6, 7, and 8 in. in internal diameter, respectively, and their length was 
made three times their diameter. According to an experiment 
by Professor Pardoe of the University of Pennsylvania, published 
in Engineering News, September 14, 1916, the length at which a 
2-in. tube flows full varies with the head. The 2-in. tube of his 
experiment flowed full at a length of approximately six inches, or 
three times the diameter, under a head of 8 ft. The experiment 
also showed that this length decreased as the head was lowered. 
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11 In general, water will enter a short pipe under the same 
conditions as it discharges through an orifice. Just inside the pipe 
the area of the stream is contracted so that the pipe does not flow 
full. Farther along the pipe this area is increased to that of the 
pipe and the pipe flows full (see Fig. 1). A partial vacuum exists 
in the tube where the pipe does not flow full, and it is this partial 
vacuum that increases the discharge of the short pipe over that of 
the orifice. The discharge coefficient is increased from about 0.6 
for a circular sharp-edged orifice to about 0.8 for the short tube. 

12 As shown in Fig. 1, the short pipe was screwed into a stand- 
ard flange so that the end of the pipe was flush with the face of the 
flange. The face and internal diameter of the pipe were finished 
to present a knife-edged entrance (orifice) into the pipe. Each 
flange was recessed in a board which had been boiled in paraffin 
so that the surfaces of flange and board were flush, all irregu- 
larities on this surface having been filled with paraffin. The 
object in providing these boards was to present a plane surface 
from three to four diameters of the pipe wide on all sides of the 
entrance to eliminate as much as possible unnecessary eddies and 
to standardize conditions. 

13 The board with the pipe and flange in place was screwed to 
the inside of the tank, near the bottom, the pipe extending hori- 
zontally through the wall of the tank as indicated in Fig. 1. The 
opening between the pipe and tank was stuffed to prevent leakage. 
While the tank was being filled with water, a piece of leather 
belting was held in position over the orifice by the water pressure. 
The tank was filled to a specific height above the center of the 
orifice and allowed to stand many hours to permit the water to 
come to rest. A wire was attached to the belting over the orifice 
so that it could be removed from above when it was desired to 
start the test without causing excessive motion of the water in 
the tank. This method allowed the water, while being discharged, 
to settle slowly in the tank with very little disturbance, and be- 
cause of the large ratio between the orifice and tank areas, the 
results were but little affected by the velocity of approach. 


Tue TEstTs 


14 The 1-in. short pipe was used in the initial set-up. The 
first time that the water was emptied through it the pipe did not 
flow full but acted as an orifice, the stream of water having the 
appearance of a solid glass rod. The discharge was then stopped, by 
plugging the tube on the discharge end, and subsequently released. 
This caused the pipe to flow full at the discharge end as was shown 
by the data, which gave the values of an orifice in the first case 
and of a short pipe in the second. The fact that the 6-in. and 
7-in. short pipes discharged as pipes in some cases and as orifices 
in others, while the 8-in. pipe discharged only as an orifice, in- 
dicates that as the diameter of the pipe is increased the ratio 
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TABLE 1 COEFFICIENTS OF DISCHARGE FOR SHORT PIPE 
1 IN. IN DIAMETER 
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Diameter of pipe, 1.029 in. 


Length of pipe, 3.600 in. 
Area (a) of pipe, 0.005775 sq. ft. 
Temperature of water, 58 deg. fahr. 
Gravity, 32.16 ft. per sec. per sec. 


At ZAt 
1.235 1.235 
1.234 2.478 
0.968 3.446 
1.169 4.615 
1.046 5.661 
1.030 6.691 
1.111 7.802 
1.160 8.962 
1.129 10.091 
1.112 11.203 
alah 12.314 
1.200 13.514 
1.144 14.658 
1.173 15.831 
1.138 16.969 
1.247 18.216 
1.160 19.376 
1,245 20.621 
1.199 21.820 
1.268 23.088 
1.180 24.268 
1.308 25.576 
1.290 26.866 
1.320 28.186 
1.260 29.446 
1.356 30.802 
1.375 32.177 
1.364 33.541 
1.322 34.863 
1.379 36.242 
1.434 37.676 
1.485 39.161 
1.400 40.561 
1.426 41.987 
1.508 43.495 
1.660 45.155 
1.431 46.596 
1.547 48.133 
1.570 49.703 
1.710 51.413 
1.620 53.032 
1.573 54.606 
1.690 56.296 
1.780 58.076 
1.733 59.809 
1.800 61.609 
1.879 63.488 
1.863 65.351 
1.955 67.306 
2.061 69.368 
2.072 71.439 
2.090 73.520 
2.150 75.679 
2.290 77.969 
2.255 80.224 
2.528 82.752 
2.500 85.252 
2.723 87.975 
2.884 90.859 
2.883 93.742 
3.060 96.802 
3.470 100.27 
3.910 104.182 
4.440 108.622 
4.215 112.837 
5.430 118.267 
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between length and diameter should also be increased. This, 
however, is in itself a subject for research. It is believed that the 
friction derived from the error in using a ratio of 3 to 1 between 
length and diameter instead of the theoretically correct ratio has 
not appreciably affected the results obtained. The 8-in. pipe when 
discharging as an orifice gave results which check very well the 
values given by other experimenters. 


CoMPUTATION OF DISCHARGE COEFFICIENTS 


15 The method used in computing coefficients of discharge 
from the time-head data obtained in the tests is shown in Table 1 
for the 1-in. short pipe, where 


TABLE 2 METHOD USED IN COMPUTING dH/dt FOR THE 1-IN. 


SHORT PIPE 

H DAt AH At a 
At 

6.8 0 
—0.3 3.446 —0.087057 

6.5 3.446 
20:5. “5°516  ~0,090645. 

6.0 8.962 
—0.5 5.696  —0.087781 

5.5 14.658 
—0.5 5.963 —0.083850 

5.0 20.621 
0.5 6.245 0.080064 

4.5 26.866 
615) 6.675" “03074906 

4.0. 83.541 
-~0.5 7.020 —0.071225 

5.5, » «402561 
0:5 7.572. 0.066033 

3.0 48.133 
—0.5 8.163 —0.061252 

2.5 56.296 
-0.5 9.055  —0.055218 

2.0 65.351 
-0.5 10.328 0.048412 

1.6 — -75.679 
-0.5 12.296 0.040664 

, 1.0 . 87.975 
—0.5 16.207. —0.030851 

0.5 104.182 
—0.3 14.085  —0.021299 

0.2 118.267 

H = head, ft. 


A = actual cross-sectional area of tank at H, sq. ft. 
A, = average cross-sectional area of tank at H as the 
water is lowered 0.1 ft., sq. ft. 
AT = time in seconds for water to be lowered 0.1 ft. at 
H and through area Ag 
At = time in seconds for water to be lowered 0.1 ft. at 
H, based on 1 sq. ft. cross-sectional area of tank 


AT 
Aa 
DAt = accumulated sum of At at H 
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< = tangent of H-2At curve at H 


C = coefficient of discharge of pipe at H. 


D 
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01699740 7 6 5 4 3 2 0 


Head in Feet 


Fig. 5 Curves or DiscHARGE COEFFICIENTS OF SHORT PIpEs 


16 The coefficients given for all pipes are based on values of 
dH/dt as determined mathematically. Table 2 indicates the 
necessary steps. Values of the head are taken at random, in~ 
this case every half-foot when convenient. The total lapsed 
time At at that head is placed in the second column. The third 
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and fourth columns contain the increments of the head, AH, and 
the time, At, respectively. The next column lists AH/At, which 
is the average slope between the points. These values are then 
plotted as ordinates with ZAt as abscissas, as shown in Fig. 4. 
As the line AC represents the average slope of the H-DAt curve 
between points H and D, then some line FG will represent the 
actual slope at all points of the H-DAt curve within these limits, 
as the area ACDE must equal the area FGDE. In other words, 
area AFB must equal area BCG. FG happens to be a straight 
line. Therefore large increments (4 ft.) may be taken to get the 
slope curve. The derivative of the H-T curve is dH/dt or the 
slope which equals the ordinate in Fig. 4. Also the area of all such 
TABLE 3 VALUES OF DISCHARGE COEFFICIENTS FOR SHORT PIPES 


RANGING IN DIAMETER FROM 1 IN. TO 7 IN., INCLUSIVE 
(Notre: The 8-in. pipe functioned as an orifice.) 


Diameter of Pipe in Inches (Length = 3 X Diameter) 
H 1.029 2.0459 3.2236 4.0556 5.0624 6.0576 6.98 7.955 


100 0.792 0.815 0.815 0.785 0.815 0.815 0.815 0.601 
10 0.792 0.814 0.814 0.785 0.814 0.814 0.814 0.598 


6.8 0.792 

6.6 ON9E 

6.4 0.791 

6.2 0.791 

6.0 0.791 0.814 0.814 0.783 0.814 0.814 0.814 0.598 
5.8 0.791 0.814 0.814 0.783 0.814 0.814 0.814 0.598 
5.6 0.791 0.814 0.814 0.783 0.814 0.814 0.814 0.598 
5.4 0.791 0.814 0.814 0.783 0.814 0.814 0.814 0.598 
5.2 0.791 0.814 0.814 0.783 0.814 0.814 0.813 0.598 
5.0 0.791 0.814 0.814 0.783 0.814 9.814 0.813 0.598 
4.8 0.791 0.814 0.814 0.783 0.814 0.814 0.813 0.598 
4.6 0.791 0.814 0.814 0.783 0.814 0.814 0.813 0.598 
4.4 0.791 0.814 0.814 0.783 0.814 0.814 0.813 0.598 
4.2 0.791 0.814 0.814 0.783 0.814 0.813 0.813 0.598 
4.0 OR ZOE 0.814 0.814 0.783 0.814 0.813 0.813 0.598 
3.8 0.791 0.814 0.814 0.783 0.814 0.813 0.813 0.598 
3.6 0.791 0.814 0.814 0.783 0.814 0.813 0.813 0.598 
3.4 0.791 0.814 0.814 0.783 0.814 0.813 0.813 0.598 
3.2 (URC Dh 0.814 0.814 0.783 0.813 0.813 0.812 0.597 
3.0 0.790 0.814 0.814 0.783 0.813 0.813 0.812 0.597 
2.8 0.790 0.814 0.814 0.782 0.813 0.812 0.812 0.597 
2.6 0.790 0.814 0.814 0.782 0.813 0.812 0.811 0.596 
2.4 0.790 0.814 0.813 0.782 0.812 0.812 0.811 0.596 
2.2 0.790 0.813 0.813 0.782 0.812 0.811 0.810 0.595 
2.0 0°789 0.813 0.813 0.781 0.811 0.810 0.810 0.595 
Lees 0.789 0.813 0.813 0.780 0.810 0.809 0.809 0.594 
1.6 0.789 0.812 0.812 0.780 0.809 0.808 0.808 0.594 
1.4 0.789 0,812 0.811 0.778 0.808 0.807 0.806 0.593 
1.2 0.788 0.811 0.810 0.777 0.807 0.806 0.805 0.592 
1.0 0.788 0.810 0.809 0.775 0.805 0.804 0.803 0.590 
0.8 0.787 0.808 0.807 0.773 0.803 0.802 0.801 0.587 
0.6 0.786 0.806 0.804 0.770 0.800 0.798 0.798 0.582 
0.4 0.784 0.803 0.800 0.766 0.796 0.794 0.793 

0.2 0.778 0.800 0.796 


rectangles as ACDE must equal the area under the line MN. In 
this way the line MN is located and its equation found to be 


01" = 0.000672 t— 0.0957 et ash shins aetas fi] 


Let f= DAt. Integrating this curve and making it pass through 
some point on the H-ZAt curve, gives 


H = 0.000836 —0.09571+ 6.822... .. [2] 
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Solving with Equation Ba} 


dH\? 
Ri = 0.001344 H—0.0000108...... [8] 


which gives a relation between the tangent dH/dt and the head H, 
from which the values of dH /dt as given in Table 1 were computed. 


RESULTS 


17 Table 3 gives the coefficients of discharge for all of the short 
pipes. The values for the 8-in. pipe are those of an orifice, indi- 
cating that the pipe did not flow full. These values are plotted 
in Fig. 5. The values of the 1-in. and 4-in. pipes are consistently 
lower than those of the other sizes, for which no explanation can 
be given. The curves are similar, which indicates a constant error, 
such as might occur in the measurement of the pipe area. The 
experimental material had been removed in the author’s absence 
of four years, so that measurements could not be checked or ex- 
periments continued. 

18 It is interesting to note that the coefficients do not decrease 
when the head is greater than 3 ft. to 5 ft., as is the case with coef- 
ficients of discharge of orifices. Fig. 5 shows the values based on 
formulas for heads of 10 ft. and 100 ft. 

19 The author wishes to express his appreciation to Mr. H. 
W. King, professor of hydraulics, in whose department the ex- 
periments were conducted, and to Dr. T. R. Running, professor of 
mathematics, for his inspiring suggestions and interest in the 
experiments and the mathematical interpretation of the data. 


DISCUSSION 


R. W. Anaus. The purpose of the work described is not quite 
clear, as the general values of the coefficients for short tubes have 
long been known, as well as the fact that the coefficient of discharge 
varies with the head and with the size of the pipe. The paper does 
not state the size of the disk on the end of the pipe, nor the height 
of the tube above the bottom of the tank, so that it is not clear 
whether contraction is complete or not. 

The experiment is one where the flow is unsteady, and there are 
variations in the head and in the coefficient of discharge as recorded 
in the paper, but it is possible that there is a time lag between the 
coefficient and the head at which it was obtained, and no evidence 
is presented which proves that the coefficient for steady flow under 
a given head would be the same as the one found by such an ex- 
periment as the paper describes. 

If the coefficients can be shown to be the same as would be ob- 
tained for steady flow under the same heads, the method would be 
valuable in rating large weirs in cases where there is no available 
reservoir large enough to make volumetric measurements. If a 
volume of water could be run from a tank over a weir and reliable 
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coefficients determined for each head in the way described in the 


paper, then a relatively small tank of water could be used to rate 
a large weir. 


; L. F. Moopy. There seems to be nothing in the paper to 
indicate any analysis of the pressure at the vena contracta in the 
pipe. In measuring the discharge through a short tube, one of the 
important variables involved is the pressure at this point. As the 
head on the orifice is increased that pressure will decrease more and 
more below atmospheric in proportion to the velocity head created, 
and at the time when the barometric limit is approached a mere ' 
overall coefficient is not enough to predict the flow through a 
standard tube. 

Some figures are given in the paper where the values are ex- 
trapolated to apply to a 100-ft. head. This is merely a hypothetical 
condition, because before that head is reached, the whole mode of 
flow will have changed. 


Tue AutTHor. Replying to Mr. Angus, the short-tube coeffi- 
cients were obtained simply as the forerunner to the determination 
of the coefficients for the flow of water in pipes, valves, bends, etc. 
The paper is confined to the short tubes or pipes because the work 
was started just before the beginning of the war. When it was 
possible to resume it, the apparatus had been removed and the only 
data sheets available were one for each tube, so that the paper is 
based on a single test for each of the eight pipes. Therefore we 
will not vouch too much for the accuracy. However, for the 8-in. 
pipe which flowed as an orifice rather than as a short tube, both, 
according to the appearance of the water and according to the 
coefficients that were determined, gave results that conformed to 
the third decimal point with other tests for an orifice. The value 
of the coefficient above the 6-ft. head is admittedly questionable. 
All the coefficients determined on the basis of weighing the water 
for each test performed at a certain definite head begin to fall off 
after that point, whereas the results determined from the equations 
developed continue to rise to a certain maximum which is slightly 
above 0.004 for a head of 100 ft. 

In regard to the disk, i.e., the flange, on the short pipe, this 
was increased over the ordinary diameter of the flange by a paraffin- 
soaked board —to increase the flat surface passed over by the water 
entering the pipe—to three to four times the diameter of the pipe. 
The object was to standardize conditions. 

Replying to Mr. Moody, no attempt was made to measure the 
partial vacuum at the vena contracta. Other experimenters have 
done that work with more or less success. We anticipated difficulty 
with just that point in connecting long pipes to the short tubes, 
because there is a back-up due to frictional resistance offered in a 
straight pipe which probably would affect the partial vacuum in 
the short tube. What this would amount to would have to be 
determined by further experiment. 
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A STEAM-LOSS PREVENTION PLAN 
OPERATING IN A Pex TIRE 
FINISHING PLANT 


By Henry Morcan Burxs,! Norra Dieuron, Mass. 
Member of the Society 


The author gives details of simple and elastic methods installed in 
the power department of a large textile-finishing concern, which made it 
possible to diagnose daily plant operation, introduce new operating prac- 
tices, enthuse the personnel with the importance of their tasks, keep accu- 
rate records, and effect important economies in the generation, distribution, 
and utilization of steam and power. 


(THE importance of the elimination of waste in a power depart- 

ment is probably generally recognized, but few, it is believed, 
realize that the cost of this department is second only to the 
payroll in a textile-finishing plant. 

2 The rising price of fuel and labor, Southern competition, 
and usually the inadvisability of heavy investment in more effi- 
cient equipment in the so-called ‘‘non-producing” department 
accentuate the importance of careful study of the generation, 
distribution, and utilization of steam and power. 

3 For five or six years the author and his associates had 
studied their power plant— that of the Mount Hope Finishing 
Company — that was rapidly depreciating and becoming daily 
less suitable to meet the demands made upon it by an ever- 
increasing growth of the “productive plant.” They stemmed the 
overwhelming tide from time to time with expedient methods 
such as the introduction of the use of fuel oil, etc., but were finally 
forced to face their problem squarely and solve it in the most 
economical manner. 

4 With the stimulation of a new boiler plant, work was begun 
on the devising of new methods by which the daily plant oper- 
ation could be diagnosed, new operating practices introduced, the 
personnel enthused with the importance of their tasks, accurate 


1 Plant Engineer, Mount Hope Finishing Company. 
Contributed by the Textile Division and presented at the Annual 
Meeting, New York, December 3 to 6, 1923, of Taz American Soolnry 
or Mecuanicat Enainnrers. Abridged. 
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records kept, and last but not least, schemes contrived to maintain 
higher efficiency without interruption. 


ORGANIZATION OF THE PowER DEPARTMENT 


5 As greater interest was shown in the power plant, it became 
more apparent that it was necessary to press on much farther in 
order to secure the maximum efficiency. | 

6 Operating methods previous to the installation of the new 
methods were not different from those in other plants of the same 
class. The chief engineer was responsible for uninterrupted and 
economical production of power, but left in every detail to his 
own resourcefulness. 

7 Instrument equipment was limited to feedwater meters, oil 
meters, and draft gages, but no operating standards were estab- 
lished and no means available for judging how the load should be 
distributed among the boilers. The cost keeping employed was 
of the simplest nature and the only record kept was the curve of 
apparent evaporation by weeks, based on total water fed through 
the venturi meter; however, no correction was made for that 
part of the water not turned into steam but used up for other 
purposes such as blowdown, washout, and leaks. 

8 With the provision of boilers with steam flow meters, oil 
and steam pressure gages, flue-gas analyzers, and pyrometers it was 
possible to run ‘‘standardization tests,’ and by arousing interest 
in the firemen and furnishing the chief engineer with the correct 
basis to work on, the progress made was rapid and certain, re- 
sponsibilities were properly allocated, and detailed records were 
kept and examined daily. In this manner it became possible to 
establish an economical operating practice and standardize most of 
the influential conditions as to: 


a Distribution of load among boilers 

b Putting on and taking off loads from boilers 

c Regulating draft according to fires and fires according to 
load 

d Cleaning of heating surface by removal of soot and scale 

eé Method of firing coal-stoked boilers. 


9 Inasmuch as 73 per cent of the steam generated is used 
directly for processing the goods and the remaining 27 per cent 
is used for process, heating, and warming up large quantities of 
water for various purposes after it is exhausted from the engines 
at 7 lb. pressure, the distribution of steam presented a large 
problem as to: 

a Metering 
b Despatching 
ce Elimination of losses. 


10 The information gained from these studies brought the 
management to the realization that the organization of the power 
department should be changed. The chief engineer was thereupon 
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made responsible for the generation of steam and power, and the 
power despatcher responsible for the despatching of the steam to 
the consumers and also for the elimination of losses. 


THE Power DrESPATCHER 


11 Duties, The power despatcher’s job is a large one and a 
very satisfactory one to perform. It is a position that requires 
tact, but once the right man is found, tangible savings begin. His 
specific duties are as follows: 


a Inspection of all distributing lines, and conductors (except 
sprinkler system), and all valves, traps, appurtenances, 
and instruments thereon, for the purpose of preventing 
any losses of heat, light, and power in transmission. 

b Investigations and studies of the various manners in which 
steam, water, and power are used for various purposes, 
with the aim of devising and recommending a more 
economical practice. 

ce Recording of steam, power, and water consumption by 
various departments and preparation of reports and cost 
charges. 


Stupies Mape By THE Powrr D&sPATCHER 


12 An inspection revealed many and varied losses which were 
later turned into savings. A simple example of economies that 
were effected is the caring for steam traps. Where there are large 
numbers of these it is often wise to have one man look after traps 
alone, especially in the cold months of the year. If there are not 
a sufficient number to require the full time of a man, it has been 
found a good policy to have him devote a definite part of each 
day in attending to this equipment, and the remainder of his time 
to other jobs. 

13 A plan of the piping system not only showed where savings 
could be made in the old installation but was a great help in plan- 
ning how to avoid losses in future additions to the system. This 
knowledge at hand immediately prevented clumsy and inefficient 
piping layouts that might have been made had lines been put in 
as needed with as little regard to the existing and future possibili- 
ties as is ordinarily the case. 

14 Time and space do not permit of too lengthy an exposition 
of piping detail. Investigation into the uses made of steam revealed 
the fact that the conditions existing simply abounded in oppor- 
tunities for savings, and those engaged in it began to wonder why 
it was that so many find fault with the cost of generation when 
there is such waste in utilization. The most natural thing in the 
world, therefore, was to fix the responsibility on the consumers 
of steam. ‘If the consumer must waste steam, make him pay 
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for it,” was the slogan adopted. Of course this was easier said 
than done. 


Metering POWER 


15 Keeping in mind that too much red tape, too many records, 
too many charts to change daily, not to mention too much inter- 
ference with the work of a department, might make the cost of the 
despatcher’s work too great and possibly offset the savings, the 
work was approached on a modest scale, taking the heavy users 
of steam first and installing a few meters on trial in their depart- 
ments. The results were so gratifying that it was deemed ad- 
visable to continue the installation of meters until every pound 
of steam generated could be accounted for. 

16 The type of meter to be installed presented a problem since, 
if it became necessary to locate meters at the point where the 
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OF STEAM GENERATION 


steam was used and must be read daily, meter readers would be 
an added expense to the despatcher’s department. Consequently 
it was decided to use an electrically operated instrument that 
could be centrally located in the despatcher’s room. This effected 
not only a great saving in time and money, but permitted one man 
to see at a single glance how the different users were drawing on 
the steam supply. An unexpected draft on the boilers was in- 
stantly known and investigated by telephone. If the draft was 
to be permanent, orders were sent to the chief engineer that more 
steam would be required for a definite period. If, on the other 
hand, a big steam user closed down for any reason and did not 
advise the despatcher (and they never will if steam waste does 
not affect their pay), the latter immediately noticed the fluctua- 
tion, found out why, and advised the chief engineer that less 
steam would be required for a definite or indefinite period. This 
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method enables the chief engineer to effect economies that formerly 
were considered beyond attaining, and for this reason, if for noth- 
ing more, except possibly the accuracy of a meter, it is worth all 
that it costs to have a centrally located tell-tale method. 

17 Of course the recording chart is a record that can be and 
is used to advise different departments where, when, and why 
steam can be saved, because, in using the recording chart in con- 
junction with the production figures, it can-be shown why the 
department has consumed more steam than the standard allowable 
amount for a certain period. Where a bonus is paid on steam 
consumption such a record is a valuable assistance to the de- 
spatcher, foreman, and steam fitter, and consequently in the re- 
duction of operating and maintenance costs. 

18 The use of electrically operated meters makes it possible 
to record performance in different places at the same time. For 
instance, suppose that it is decided for the best interests of econ- 
omy to install in a department or office a recording instrument in 
addition to the one in the despatcher’s office. All that is necessary 
is to run an additional wire to the particular place and set up 
another recording meter. In some places it has been found that 
instead of setting a recording, integrating, and indicating panel 
in the despatcher’s office, better results are secured by installing 
recording instruments in the department using the steam being 
metered and an additional recorder with an integrator in the 
despatcher’s office. Jt is well to have an integrator and indicator 
in the despatcher’s department as a check on the recorder, although 
not necessary. 


RESULTS 


19 Previous to the beginning of this work the average apparent 
evaporation secured at the plant was 12.55 lb. of steam per lb. 
of fuel oil, corresponding to 72 per cent thermal efficiency. The 
latest reeord at hand indicates an efficiency of 83 per cent, or over 
15 per cent improvement. 

20 At the beginning of the work the estimate of possible 
annual savings was: 


SB gO NOE SCLC Rise e et to oA Kish el Vi's oSalag $40,000 
PMS CONN TEIOUh restart canis olablle m, 2..f sl evciekgss 15,000 
Ime ULUa LOM be pages Were Mean cua caces ¢ 25,000 


At the time of writing this paper the evidence on record shows 
the following yearly savings: 


i he DONO ier Pe tan nace ein otiar cree eeked - $39,760 
ibn CHIT NB rOINy ee ee gle eee tees Rios 12,320 
MTU ZACLON  esoreesrie oie e leurs) 244 + +9 Somaniess 24,800. 


The work is still in progress. The savings enumerated above, it 
may be said, represent only a few items. 
21 Actual progress in building up the efficiency of steam 
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generation, as illustrated in Fig. 1, is for convenience of study 
subdivided into four periods corresponding to the stages in prog- 
ress: namely, 


Ratio of 
apparent 
1 Preliminary Observations evaporation 


BLOM AHUALVATOMVLAT CR PLOQ2Z el py siat.tethratetoely iene) ave serene tate 12.55 


2 Introduction of New Methods d 
From April to September, 1922. Gradual improvement, 


CRN bo PR OM RO Dn UCT A nh at eee sce. cee 13,25 

3 Fixing New Habits 
rome October wlo22: to Wkay ol G2aen aie aise tcavemter clelsies 13.87 

4 Extension of Plant 
IPOD MUMEe’ LOMA OUStA LO cose steteete oe bie etal ae cee ern seete ns 14.21 


22 During the last three months when the new extension 
of the company’s boiler house was in service the records of monthly 
performance on a 24-hour basis, 7 days in the week, were as follows: 


Average Equivalent Thermal, 
evaporation, evaporation, efficiency 
: lb. Ib. per cent 
JUTE, WL HY AE ss, ethehe sar 13.9 15.01 80.1 
JUL Gia, He eats G Skates. ie 14.6 1678 83.0 
AUIEU Sti trot veel aiteendbo tears 14.4 15.49 82.5 


23 However, the results obtained by research and subsequent 
changes made are sometimes quite difficult to calculate in dollars 
and cents. For example, a simple change in shutting off main pipe 
lines to distant parts of the plant over week ends and heating 
warehouses and rooms where work could be more efficiently carried 
on in lower temperatures, made it possible to effect an annual 
saving of about $3000. 

24 Reduced steam pressure in caustic evaporators produced 
the following economies: 


Average weekly caustic recovery, lb.. 72,000 71,800- 986,786 


Steam consumption, lb............. 838,462 650,109 799,515 
Pounds of steam per pound of caustic 11.6 9.06 9.22 
Sayviney pervcentineas a: Geer eee 19 

Actual saving annually............ $3800 


25 Utilization of steam in various processes presents the most 
complicated yet the most promising line of research. With a 
steam consumption of about 710,000,000 lb. per year, the company 
spares no effort to work out methods to secure the same or a better 
grade of work with less steam. This means of course that each 
unit has to. be studied separately. In this respect it makes no dif- 
ference whether a plant is large or small, since the equipment used 
in large establishments is similar to that employed in very small 
bleacheries or laundries. 

26 The results of the company’s efforts in this direction may 
well be illustrated by examples. 

a A large amount of water required in a silk dye department 
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was provided by two large storage heaters using live steam. Ex- 
periments established the fact that if exhaust steam were used 
instead of high-pressure the water could be heated to from 110 
deg. fahr. to 210 deg. fahr. The following tabulation shows clearly 
the advantage in favor of low-pressure steam. 


Steam used per week, lb............. 2,870,441 2,048,035 
@ost of steam spern-week e..8... 04 <4. $1200 $810 
Weekly: savings <.02, eae otek eae ee, $390 
Ammiualisavinge $s sont eae SL deeb ty MOM ER ae Sm $20,000 


b On dolly washers the use of high-pressure steam to bring cold 
water to the boiling point was first changed by using steam of 
lower pressure with a resulting reduction of steam consumption 
of 30 per cent or a saving of $3200 annually. By supplying these 
washers later with hot water, preheated by means of excess of 
exhaust steam at a slight expense for piping, the following saving 
was made: Instead of heating water from 80 deg. to 210 deg. fahr. 
in the washer by live steam at 40 lb. pressure at the expense of 
130 B.t.u. per lb., it was preheated with exhaust steam to 150 deg. 
fahr. and again heated up to 210 deg. at the expense of 50 B.t.u., 
securing 54 per cent economy or the equivalent of an annual saving 
of $5400. 

27 It is not the prime object of the company’s investigations 
into the uses of steam to effect changes in actual process work. 
Nevertheless from time to time enlightening information is brought 
out, such as that regarding the idle time that increases the expense 
burden by wasting steam and power to keep a machine in readi- 
ness during the idle period. On account of the importance of this 
phase of the work the company is undertaking to show idle time 
by means of Gantt straight-line charts. 


, RECORDS 


28 Records are of the utmost importance to the plant engineer 
to carry on the work as planned, control the progress, and maintain 
the interest of the men responsible for performance. 

29 General Records. An endeavor has been made to simplify 
and keep to a minimum the number of forms to be made out 
daily and to crystallize the generation-of-steam records into one 
form known as the Fuel-Utilization Chart. 

30 This chart, which is reproduced in Fig. 2, shows the daily 
performance of each shift of firemen by indicating with a straight 
line the evaporation of water per pound of fuel. Hach day is 
spaced into fifteen sections, the ratio of equivalent evaporation of 
15 lb. of water for each pound of fuel oil. The evaporation attained 
by each shift is laid off by a straight line, the length of which shows 
how much the shift fell short of or exceeded the standard. 

31 The results for the three shifts are in like manner laid out 
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with a heavier line, the length of which is the average daily evapo- 
ration. The average weekly consumption is in turn plotted, and 
represents the sum of the average daily results in a continuous 
line which shows longer or shorter according to whether the evapora- 
tion was below or above the standard set. 

32 On the right-hand side of this form it will be seen that the 
weekly consumption of oil is checked against the weekly allowance, 
and the saving or loss of fuel shown. This chart is posted in the 
boiler room for the firemen’s inspection, and it is watched with as 
much eagerness as if it were a baseball score. 

33 Distribution Records. From the autographic records of the 
flow meters of the despatcher’s office the power despatcher re- 
capitulates, condenses, and compiles the statistics for the plant 
engineer on the several forms briefly described below. 

34 The Power Despatcher’s Summary, records the total steam 
generated and distributed, showing by departments the con- 
sumption, the cost per 1000 lb., and the cost per unit of merchan- 
dise processed. 

35 In addition to the above a weekly Steam-Cost Record is 
kept for each of the departments so that their respective fluc- 
tuations can be seen at one glance. The data for this sheet are 
taken from the Power Despatcher’s Summary. 

36 One of the unique features of the system as operated is 
that the power plant is virtually an independent business carried 
on within the walls of the plant. It buys its raw product — fuel — 
and sells the finished product — steam — to its customers, the vari- 
ous departments of the plant. It pays rent for its housing and 
taxes, and it also has to pay for insurance and other fixed charges, 
labor and supplies, so consequently must charge for its finished 
product, steam. 

37 It sends out bills weekly to each department for steam used, 
as shown by the steam flow meters, at cost of production. Exhaust 
steam costing less than high-pressure, its use is encouraged where- 
ever practicable. 

38 For the benefit of the accounting and sales department the 
power despatcher prepares monthly a report showing the distri- 
bution of the power-plant expense to the various departments. 
This is accompanied by a statement of costs of various items 
that make up the total monthly charge, as compared with the 
costs of the same items for the preceding month. 

39 It is interesting to compare each month the actual cost 
to operate the power plant with the figures given in the chart of 
predetermined costs, Fig. 3, and it is remarkable how closely the 
actual and predicted costs coincide. This chart is made up of 
four curves, showing 


a Total costs, including fixed charges 
b Unit costs, including fixed charges 
c Total operating costs, and 

d Unit operating costs. 
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The data from which these curves were plotted were collected over 
a period of five years. The chart is useful in detecting errors in 
accounting and in allocating charges to the power department. 


CONCLUSION 


40 The intrinsic value of this system of conducting a power plant 
lies in its simplicity and elasticity. While it is being employed 
in a large steam plant costing one third of a million dollars annually 
to operate and furnishing steam and power to a plant covering 
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about thirty acres of floor space, it is equally as practical for use 
in the small plant. 

41 Such a system is surely worth while, for once the spirit of 
efficiency and coédperation is imbued into an organization, suggestion 
on the part of the management and the spirit of contest among 
the employees will bring about the desired results automatically. 

42 These loss-prevention methods were installed in the plant 
of the Mount Hope Finishing Company under adverse conditions 
owing to the erection of a new boiler house, yet operation was not 
interrupted and efficiency was increased. An outstanding feature 
was that but one addition was made to the power-plant payroll, 
namely, the salary of the power despatcher, who was transferred 
from the engineering department office and has successfully carried 
on single-handed all the work of his new department. 

43 In view of the fact that the plant was operated at an un- 
usually high efficiency before the new methods were introduced, 
their value is clearly shown by the additional savings made. 
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DISCUSSION 


Wittarp H. McGrecor. The author, in a measure, precludes 
criticism by stating in Par. 20 that the results so far secured are 
composed of a few items, and that the process is still going on. 
The paper thus points out a method rather than a summary of 
concrete results. 

The author gives a total use of steam of 710,000,000 Ib. per 
year, which, with an assumed evaporation of 9 Ib. per pound of 
coal, means 40,000 tons of 2000 lb., amounting, at $8 per ton, 
to $320,000. In Par. 20 the saving indicated in generation, 
$39,760, would be only 12.4 per cent of the fuel cost. The distri- 
bution saving would be 3.8 per cent, and the utilization saving 
7.8 per cent of the fuel cost. The total saving would be 24 per 
cent of the fuel cost, in itself a notable achievement. 

In finishing plants the power cost is usually about 25 per cent 
of the total operating expense, so that in this particular case the 
total expense would be approximately $1,250,000 per year. The 
various savings based on this total, then, would be: For genera- 
tion, 3 per cent; for distribution, 0.95 per cent; for utilization, 
1.95 per cent. The total gross saving, then, is 6 per cent of the 
total operating cost. These savings could not be accomplished 
without some expenditure, and it is unfortunate that the author 
has failed to include figures, both initial and continuing, of this 
expenditure. Assuming an initial expense of $55,000, the net 
saving the first year would be $21,000, or 6.7 per cent of the fuel 
cost, or 1.7 per cent of the total operating cost. There is no 
intention to belittle the work of the author, but it would seem 
advisable to consider all the relations in a paper of this character. 

The writer believes that the summary of reports of the char- 
acter outlined by the author should be comparative. The opera- 
tions of the current month should be compared with the operations 
of the same month of the preceding year. Temperature conditions 
would be the same, and these have a marked effect on steam con- 
sumption, as we are usually unable to separate the steam for 
heating from that used for process. The comparison of similar 
months in succeeding years eliminates this cause of variation. 
Such a comparison should also show the change between this 
year and last, and should show the percentage of such change. 
It should also be cumulative and sum up the months of the fiscal 
year to date. One advantage of this is that the twelfth monthly 
report will be the yearly total, and it will be possible to ascertain 
whether or not the fuel paid for checks with that reported by the 
power plant as having been used. 


Daniet M. Bares. In the finishing industry it is more im- 
portant to cut down costs than to raise prices, and the writer 
knows of no way of doing this that is comparable with the oppor- 
tunities in the power plant. At the Lewiston Bleachery and Dye 
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Works there were a number of boilers that were nearly worn out, 
and that were driven very hard. The firm of Day and Zimmerman, 
called in as consulting engineers on the question of power, dis- 
covered peak loads thrown on the boilers twice each day, due to 
the kiers being put on the line one after the other. A charting of 
the load showed that it was possible to so plan the work of the 
kiers that the load due to them was distributed over the twenty- 
four hours, with a resulting smoothing out of the boiler load curve, 
which enabled the works to keep the boilers in service for six or 
eight years longer. 

In Par. 23 the author refers to the saving effected by the simple 
shutting off of pipe lines over week ends. The writer has found it 
to be of the greatest possible importance to get out into the plant 
when it is not running in order to discover wastes of steam. In 
this way he has found valves leaking steam into the cans when 
they were shut down over night, so that they were half full of 
condensate in the morning. 

In Par. 26 the author mentions the use of low-pressure steam 
to bring water to the boiling point. At Lewiston, great economies 
were effected by using exhaust steam to heat a big feedwater 
tank for use in kier boiling. The steam would otherwise have 
been wasted, and there was always an ample supply of hot water 
for the kiers when it was needed. There is always an enormous 
waste of heat in the waste liquor from the kiers. A number of 
attempts were made to recover this heat but the expedient of 
pumping the liquor from one kier to the next one was finally 
adopted, adding sufficient caustic or other chemical to bring the 
liquor up to strength. The liquor was taken from the top of the 
kiers, so that the sludge would remain at the bottom. All the 
heat that was in the liquor was thus saved, representing a coal 
saving of two or three tons per day. 


Guorrrny C. Brown. The author ably sets forth the economies 
effected in a large power plant by better management. The writer 
recently has had a practical demonstration of the fact that propor- 
tional economies may be effected along similar lines in a small 
power plant. 

About two years ago the Jacques Kahn Mirror Company under- 
took a complete reorganization of its New York factory, including 
the small power plant. The latter included two 200-hp. hand- 
fired boilers supplying steam to two turbo-generators, in addition 
to providing live steam for power-plant auxiliaries and use in 
manufacturing processes. The turbine exhaust was used in 
winter for heating the factory and in summer was wasted. 

While the power-plant equipment was fairly adequate to pro- 
duce its quota of steam and power, the necessity for managing it, 
in the modern significance of the term, had never been realized. 
Records which might have indicated operating efficiency were 
conspicuously absent. A calculation showed an approximate 
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production of six pounds of steam per pound of coal burned — an 
evaporative efficiency of only 49 per cent. A crude weekly log 
report showed the daily output of electric power from the gener- 
ators without any record of steam production. The unit costs 
of electric power per kilowatt-hour or of steam per 1000 Ib. were 
not known, nor had the amounts of live steam or electric energy 
consumed by individual factory departments ever been either 
metered or estimated. Power-plant supplies were purchased on 
a verbal request from the power-plant engineer and were used 
by him without record. No inventory of fuel or supplies had 
ever been maintained, and power-plant costs were roughly visual- 
ized once a month by the coal transactions appearing on the 
company’s general books. The plant obviously provided a promis- 
ing field for investigation. The conditions described are reasonably 
typical of those existing in the majority of small factory power 
plants. 

As the result of an investigation, the following changes were. 
made: 

a Republic steam flowmeters recording from each of the two 
boilers were installed in the boiler room. These enable the fire- 
man-to see at a glance whether his ratios of draft and steam are 
correct, and to regulate accordingly either the amount of coal 
fired or the volume of draft maintained. 

b Watt-hour meters and St. John steam flowmeters were in- 
stalled to measure the actual amounts of electric power and process 
steam used by each factory department. 

c The power plant was brought within the scope of a newly 
organized factory planning department to which the power-plant 
engineer was required to send a weekly report abstracted from 
his daily power-plant log. This showed the amounts of fuel and 
power-plant supplies used, and the daily details of plant per- 
formance. With the power plant under the jurisdiction of the 
factory planning office the fundamentals of storekeeping and cost 
finding, originally lacking, were extended to it. 

The economies resulting from these changes are now being 
realized. The installation of the flowmeters in the boiler room 
increased evaporative efficiency at least 30 per cent. The aggre- 
gate saving resulting from the entire power-plant investigation 
was about $9000, or 35 per cent of the total power cost during the 
previous year. And of greatest value has been the important 
general result of placing the power plant under centralized control 
as definite as that exercised in planning production in the 
factory. 

Prior to the investigation the directors shared the popular 
delusion that because a plant is small the expense of installing 
better methods would more than counterbalance any advantages 
derived therefrom. After a year of more economical operation, 
however, they are thoroughly satisfied with the new methods. 
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Reynotps Lonerieip.! The writer had a similar experience 
to that of the author, in the power plant of the Celluloid Company 
at Newark, N. J., at the time that Mr. Polokov was engaged 
there in an advisory capacity. 

When the work was started the equipment was in bad condi- 
tion. It was put in first-class shape and the employees taught the 
proper methods to use for best results. A quality task was then 
set and a bonus paid to employees for its proper performance. 
This task, with a bonus for its accomplishment, not only main- 
tained efficient operation of the plant, but at the same time 
performed another and even greater service. It insured mainte- 
nance of the equipment. ‘The men themselves were vitally 
interested in the upkeep. The management, which made it a 
point to investigate a lost bonus, that represented a loss to the 
company also, due to the falling down in plant efficiency, saw 

‘the necessity for immediate repairs. 

The writer believes that Task and Bonus is as essential in the 
manufacture of power as it is in the manufacture of any com- 
mercial article. 


Horace G. Kituam.? Two obstacles always confront a power- 
plant engineer in a finishing plant. First, the production of 
power is of minor importance as compared with the production of 
cloth. Generally, investment in finishing machinery can be made 
to show a much greater return than the same investment in 
power-plant equipment. 

In the second place, the power engineer cannot be expected to 
know the details of each finishing process. He is handicapped 
in attempts to effect steam economies by the fear of department 
heads that the quality of the product will suffer. The author has 
shown the possibilities of appreciable savings in that department 
which too often is considered merely a painful necessity. 

The author, however, does not make clear the relative unit cost 
of live and exhaust steam. The writer’s company is attempting 
to solve this question, possibly on a rather theoretical basis. 
They use, in certain processes, live steam at 100 lb. pressure and 
wherever possible exhaust steam at 15 Ib. pressure, but charge 
for both at the same rate per 1000 lb. Since the B.t.u. content 
of 15-lb. steam is only two or three per cent less than that of 
100-Ib. steam, should not the cost per 1000 Ib. show the same 
ratio? 

It is realized that the apportionment of boiler-room cost between 
live steam, exhaust steam, and power offers an unlimited field for 
debate, and in the end the decision must rest on somewhat theo- 
retical grounds. But after all, in the distribution and utilization 
of steam, we are dealing with energy. In the case of steam this 
is measured in B.t.u., and the writer believes that the relative 


1U.S. Finishing Co., Providence, R. I. 
* Mechanical Engineer, U. 8. Finishing Co., Providence, R. I. 
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charge for live steam and exhaust steam should bear a close 
relation to the relative B.t.u. content. 


Watiace Cuark. The usual manufacturer considers the power 
problem solved when he has reduced the cost of generating power 
through the introduction of scientific methods. The author, 
however, demonstrates that this is only the beginning of economies. 
This new field demands knowledge of at least three phases of 
management, i.e., the processes in which steam is used, shop 
accounting to allocate accurate costs to the various grades and 
styles of products in order to secure business at a profit, and 
planning the utilization of steam. A point that the author did 
not mention is that the more closely plans for the use of steam are 
synchronized with plans for routing work through the plant, the 
greater will be the saving. The author has opened up what is 
apparently a fertile field in the reduction of waste, not only in 
the textile industry but in the manufacture of paper, rubber, 
steel, and other products. 


Tue AvutHor. In reply to Mr. McGregor, the author would 
state that the cost of the meters and the professional services 
required to check up the records made by the engineering depart- 
ment was about $15,000. The cost of the piping cannot be given 
definitely, as the piping changes occurred in a reconstruction 
period and a great deal of the piping cost would have been incurred 
whether the system outlined in the paper had been developed or 
not. While we have no definite figures on the piping, we felt that 
an expense of even 20 per cent of the total cost of total steam 
generated would not be excessive. 

The author agrees with Mr. McGregor that fuel costs should be 
adjusted on the basis of monthly cumulative costs instead of on 
the basis of the fiscal year with an extra week left out, allowing 
for the neglect of the accountant to obtain the actual weight of 
fuel used. There are many chances for error in the usual system 
of accounting, and it is only by eternal vigilance that the accounting 
department is enabled to give us true costs. 

Mr. Bates has stated truly that it is necessary to go into the plant 
when it is shut down, in order to detect wastes of steam. A case 
in point is a leakage of a 2-in. valve in one of our dye houses which 
was permitted to run for a period of over an hour one night. This 
leakage was picked up by the electrically operated instrument, 
three-eighths of a mile distant, unknown to the department fore- 
man. In regard to waste liquor, we have attempted to build an 
economizer to recover the heat, but we have found up to the 
present time that the chemical end of the problem in preventing 
the acid, etc., in the liquors from destroying the economizer material, 
is quite difficult of solution. Waste keir liquors have been re- 
covered by filtering and then pumping back into the keirs. The 
saving due to the recovery of waste liquor probably amounts to 
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about $100 a day. A similar study is now being carried on in 
regard to the recovery and re-utilization of such chemicals as 
caustics. 

In regard to the cost of live and exhaust steam as stated by 
Mr. Killam, we arrived at the relative costs through data collected 
by test meters. These data covered the amount of steam going 
through the engine, and the loss in radiation and in the condenser. 
We feel that our results are much more accurate than if we charge 
exhaust and live steam at the same price. One reason for a different 
charge for the two kinds of steam is that it furnishes an incentive 
for the department head to accomplish the work of his department 
at a lower cost. and thereby increase the bonus for production. 
The use of exhaust steam will naturally lower the costs, and it is 
well to furnish an incentive for its use rather than to put it through 
the exhaust head. 
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A GRAPHICAL STUDY OF JOURNAL 
LUBRICATION 


By H. A. 8. Howarrn,! Pamaprevpnta, Pa. 
Member of the Society 


This paper visualizes the characteristics of the oil film and the pressures 
within it for a journal completely surrounded by its bearing. The influences 
of clearance and viscosity wpon the journal friction are quantitatively 
shown by means of a chart that can readily be used for designing bearings. 
Several interesting examples are solved by means of this chart. 

A few of the characteristics of the journal partially surrounded by the 
bearing are also shown by curves. The study of partial bearings is not 
yet completed. 


Lear hydrodynamic theory of lubrication, first developed by 
Osborne Reynolds and subsequently simplified by A. Sommer- 
feld and W. J. Harrison, forms the basis of this exposition. An 
attempt is made to express the theory in a way that will be easily 
applicable to the solution of practical problems. Much of the 
early mathematical treatment of the subject looks formidable, and 
therefore does not encourage general study. Fortunately, W. J. 
Harrison, Fellow of Clare College, Cambridge, England, has 
presented the subject in simple mathematical form in his paper 
The Hydrodynamical Theory of Lubrication . . ., which appeared 
in the Transactions? of the Philosophical Society, Cambridge, in 
1913. His formulas are given below and are used for plotting the 
curves that follow. 

2 The case of a journal completely surrounded by its bearing 
will be considered first. Fig. 1, which conforms with Harrison’s 
diagrams and symbols, shows the journal supporting the bearing. 
It is assumed that the journal bearing is so long that the effect 
of end leakage of oil is negligible. The journal revolves in the 
direction of the arrow with a surface velocity U. The point of 
nearest approach will be on a diameter perpendicular to the line of 
the load R, provided the oil film is continuous and completely fills 
the space between the journal and bearing. This has been dem- 
onstrated by both Sommerfeld and Harrison. a = radius of the 
journal whose center is at O. a+ 7-=radius of the bearing 


1 Chief Engineer, Kingsbury Machine Works. 
-2 Vol. xxii, no. ili, pp. 39-54. 
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whose center is at O’. h = thickness of the oil film at angle 0 from 
diameter through OO’ and the point of nearest approach. The 
eccentricity OO’ is expressed in terms of the radial clearance by 
using a factor c; thus cn = OO’. This factor ¢ will be zero when 
O coincides with O’. It will be unity when the eccentricity equals 
n and the journal touches the inside of the bearing. 


Fig. 1 JourNAaL SUPPORTING THE BEARING. THE JOURNAL PRESSES 
UPWARD AND THE REACTION R OF THE O1L-FILM PRESSURE IS THERE- 


FORE DOWNWARD 


3 The film thickness h can be expressed quite simply by em- 
', ploying an approximation that is justified by the customary ratios 
of n/a used in practice. It is then evident from Fig. 1 that 
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If the surface of the journal be laid off as a straight line the rela- 
tive position of the bearing surface can be drawn by plotting 
(1+ cos 6) for an assumed value of c. In Fig. 2 the bearing 
surfaces are so drawn for values of c = 0, 0.25, 0.50, 0.75, and 
1.00. From this figure the relative forms of the films are clearly 
understood. The film for c = 0.50 is shown in section. If the load 
R is zero, c will be zero, and the film will be uniform in thickness 
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because the centers of the journal and bearing coincide. As the 
load increases the eccentricity also increases, until with infinite 
load the surfaces touch and c = 1. 

4 Referring again to Fig. 1, the pressure that is developed 
within the film varies from Po when 6 = 0, through Pmax at 61, 
Po again when @ = 180 deg., Pmin at 62, and finally to Py when 6 = 
360 deg. The angles of maximum and minimum pressure (6; and 
62) are found from the formula 

3c 


2+ ¢ 


cos 6; = cos 62. = — 


Fic. 4 Fiom-Tuickness DiaGram FOR c = 0.2 


Hence the positions of the points of maximum and minimum pres- 
sure are symmetrical with respect to diameter OO’; or 180° — ( = 
6. — 180°. 1 

5 The film pressure P for any value of @ is found from the 
formula 


6uUa ear (2+ ¢ cos 8) 


(2+ c?)(1 + ¢ cos 0)? [3] 


The only new symbol in this formula is yp, the absolute viscosity 
of the lubricant. By making suitable assumptions for yu, U, a, n, 
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and c, the pressures relative to Py can be found for all values 
of 6 and then plotted on a polar or a rectilinear diagram. 

6 Fig. 3 shows a rectilinear pressure diagram force = 0.2. In 
order to establish an axis of ordinates Pmin is assumed to be zero. 

7 Directly below Fig. 3 is Fig. 4 with the same scale of ab- 
scissas. It is similar to the curves of Fig. 2 but is plotted for ¢ = 
0.2. It shows the relative film thickness corresponding with each 
value of 6. Figs. 3 and 4 together show how the pressure varies 
with relation to the film thickness. Beginning at 0 deg., where the 
film is thickest, the pressure increases from Py while the film gets 
thinner, until the maximum pressure is reached when @ is 110 
deg. The pressure then decreases but the film continues to get 


C=06 


Fig. 5 Curves or Finm PRESSURES 


thinner until the point of nearest approach is reached. From 
this point on the film thickness increases, but the minimum pres- 
sure is not reached until @ is 250 deg. From this point on the 
film thickness and the pressure increase together until the circuit 
is completed. 

8 The angle of maximum pressure 6;, and also the maximum 
pressure itself, increases with c. In Fig. 5 the pressure curves 
relative to Po are drawn for ¢ = 0.20, 0.40, 0.60, and 0.80. The 
scale of ordinates used is different from that employed in Fig. 3, 
and the zero pressure line was not drawn because a different one 
would be required for each value of c if assumed to coincide with 
Ie min: 

9 The pressures in the film when integrated parallel to the 
applied load may be represented by R’. This integration may be 
performed graphically as indicated in Fig. 6. For this purpose 
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the ordinates of Fig. 5 were laid off vertically, above and below the 
Po-axis of Fig. 6, the spacing being obtained by projecting the 
angular positions. The area enclosed by each curve is proportional 
to the load carried by the journal for the assumed value of c. 
These curves are drawn for c = 0.2, 0.4, 0.6, and 0.8. 

10 It was stated in Par. 2 that the point of nearest approach 
was on a diameter perpendicular to the load. When the pres- 


120° eo 2. 10° 
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Fic. 6 GRraApHIcAL INTEGRATION OF PRESSURES IN THE FILM 
(The enclosed areas are proportional to the carrying power of the film.) 


sures are integrated in a direction perpendicular to this diameter, 
ie., parallel to the load, they have the maximum value for any 
given value of c. An integration at right angles to the load equals 
zero. For this position there is therefore equilibrium. The effect 
of the friction forces is so very minute compared with that of the 
pressures that it is negligible so far as this equilibrium is con- 
cerned. In Figs. 7, 8, and 9 the graphical integration of pressures 
is shown for c = 0.2 both parallel to the load (Fig. 8) and per- 
pendicular thereto (Fig. 9). 
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11 Referring to the pressure formula, Equation [3], it is evident 
that Po can have any value that will satisfy practical considera- 
tions. If an oil inlet be provided in the bearing of Fig. 7 at the 
point of minimum pressure A, oil may be introduced there at 
atmospheric pressure, or at some other pressure determined by 
the oiling device. The carrying capacity of the oil film is inde- 
pendent of this inlet pressure so long as the film remains complete. 


Fies. 7 to 9 GRAPHICAL 
INTEGRATION OF PRESSURES 
FOR c=0.2, Born ParRat- 
LEL TO THE Loap (Fia. 8) 
AND PERPENDICULAR THERE- 
To (Fia. 9) 


If the oil groove is placed at some other point B, Fig. 7, it is neces- 
sary to refer to the pressure diagram, Fig. 8, on which the point 
B’ represents the pressure. The ordinate B’B” when measured 
by the pressure scale must be equal to or greater than the supply 
pressure plus absolute atmospheric pressure, because the minimum 
pressure at A’ cannot be less than absolute zero pressure. 

12 Additional formulas given by Harrison for the journal 
completely surrounded by its bearing are given below. The result- 
ant R of the integration of the film pressures on the journal and 
in the direction of the load, is given by Equation [4] for one unit 
of length of the bearing. 
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13. The moment M of the friction force on the journal is given 
by Equation [5] for each unit of bearing length. 


M 


2 2 
a 4rpUa 1 + 2c [5] 


n CPC Gee 


14 The friction coefficient \ for the journal is given by Equation 


[6]. 


Fig. 10 CHARACTERISTICS OF JOURNAL SURROUNDED BY BEARING 


(cn = eccentricity of journal; 7 


For interpretation of symbols, see Fig. 1.) 


radial clearance; @ = radius of journal. 
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M~ n(1+ 2c?) _ 
Nee me Sure bnieee.en Wee Le} 
15 In order that Equations [3], [4], and [5] may be readily 
applicable to the solution of bearing problems it is necessary to 
rewrite them, converting U into r.p.m. U = 2aaN/60. It is 
also advisable to keep the ratios (a/n), or (n/a), together. Re- 
membering that R = 2aw, w being the mean pressure per square 
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witH RELATION To DirEcTION OF ROTATION AND DIRECTION OF PREs- 
SURE OF JOURNAL UPON BEARING 


inch of projected area, as regularly used in bearing design, [4] 
can be rewritten as follows: 


w-5*G) (@rmacep 


Equation [6] for the journal friction coefficient may be rewritten 
as shown in [8], keeping the ratio (n/a) apart from the term con- 


taining c. 
n 1+ 2c? 
abt a, 


16 Equations [2], C7], and [8] appear to be the most useful 
for designing full bearings of this kind. A study of them is ex- 
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ptessed graphically in the chart Fig. 10, from which the journal 
characteristics can be very easily determined. Curve G was 
plotted from Equation [8], assuming (n/a) = 0.001. Suitable 
scales for other values of (n/a) were then added. Curves A, B, 
C, D, E, and F were plotted from Equation [7], assuming (n/a) = 
0.001, each curve having been drawn for the oil viscosity w marked 
on it. The scales for other values of 

(n/a) were then added. The absolute 

viscosity is marked on each curve in 

Iinglish units — inches, pounds, 

seconds. The corresponding com- | 
mercial viscosity as determined by a | 
Saybolt universal viscosimeter (S.U.V.) 
is marked on each curve. The con- 
versions were made from P. C. 
Mcllheney’s table as published in the 
Journal of Industrial and Engineering 
Chemistry, vol. 8 (1916), p. 484. A 
density of approximately 0.84 was 
assumed and the viscosities in centi- 
poises were converted to English units 
by dividing by 6,900,000. For the 
range of viscosities illustrated in 
Fig. 10 the conversions from §$.U.V. 
to absolute English units can be made with fair accuracy by 
means of the following formula: 


E-=0 02865 1055 < density << (SiU..V..— Sis a> [19] 


Fic. 15 Fitm EQuiLisrium 
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17 Data on the location of points of maximum and minimum 
pressure can be also obtained from the chart Fig. 10. Curve H 
was plotted from Equation [2], using the c-scale at the base and the 
two angle scales for 6; and 4, laid off vertically near the middle 
of the figure. 

18 Much interesting practical information on bearing problems 
can now be obtained from Fig. 10. The following examples show 
how it may be used. In order to avoid eonfusion when inter- 
preting the readings from Fig. 10, reference may be made to Figs. 
11, 12, 18, and 14, which show how the angles 6; and 62 should be 
measured with relation to the direction of rotation and the direc- 
tion of pressure of the journal upon the bearing. 


Exameite 1. Find the journal friction coefficient for a full bearing 
whose diametral running clearance is 0.901 in. per inch of diameter, if the 
speed is 400 r.p.m., the mean pressure 100 Ib. per sq. in., and the oil vis- 
cosity is 100 sec. 8.U.V. 

First calculate w/N = 100/400 = 0.25. Then enter Fig. 10 at the left- 
hand vertical scale marked (n/a) = 0.001 and locate the point whose value 
is 0.25. From this point read horizontally to curve A, then down to the c- 
scale where we find c = 0.12, then up to curve G and horizontally to the 
scale corresponding with (y/a) = 0.001. A value of \ = 0.0029 is found. 
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In order to determine the positions of maximum and minimum film pressure, 
refer to Fig. 10 again. Enter its base with c = 0.12 and read up to curve 
H and across to the scales for 6: and 62. The angles are found to be as 
follows: 6: = 101 deg., and @2 = 259 deg. 

ExaMPLe 2. What clearance will give the minimum friction for a 
journal revolving at 1200 r.p.m. if the unit pressure is 120 lb. per sq. in. 
and the oil viscosity is 150 S.U.V.? 

This must be solved by trial, but takes very little time. w/N = 120/ 
1200 = 0.1. Assuming (y/a) = 0.001, \ = 0.010; (n/a) = 0.002, \ = 0.0057; 
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[Example data: N = 1200; w = 60; uw = 3.4 X 10-6 (S.U.V. = 150.)] 


(n/a) = 0.003, ’ = 0.0043; (n/a) = 0.004, X = 0.0041; (n/a) = 0.005, 
A = 0.0048; etc. Apparently the proper clearance is about (n/a) = 0.004. 
A similar problem in which w = 60 is plotted in Fig. 16, showing that 
A min = 0.0057. Decreasing the unit pressure w is thus found to increase 
the friction coefficient. 


19 Before leaving the discussion of the journal completely sur- 
rounded by its bearing, attention should be given to an interesting 
statement made by W. J. Harrison in his paper above referred to. 
Fig. 15 shows the forces that act on the oil film in the bearing and 
hold it in equilibrium as the journal rotates. Considered statically, 
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R= R’. The moments must balance also. Hence we have the 
relation in the formula 


MiMi ee Reh. aia. int AO] 


In this case M’ is the moment of the friction between the film and 
the surrounding bearing, whereas M is the corresponding but greater 
friction moment between the film and the journal. The difference 
between these is obviously the couple RR’ whose moment is Rey. 
Mr. Harrison says that this difference would help explain the incon- 
sistency between results of tests of bearings. Some experimenters 


eco 
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Fic. 17 VARIATION OF \ witH (N/w), w Beinc TAKEN Equa. To 
3.4 x 10-6 


measure the journal friction, but most of them measure the bearing 
friction, 


4apUa? { (1 — c)3 
’ M’ = oe ae ote . . . . . . [11] 


The coefficient of friction 1’ between the film and the bearing is 
given in Equation [12]. 


Mim [ey igg es oe dese [12] 


20 W. J. Harrison examined the relation between M and M’ 
and found as follows: 
0.4 
1.5 


1 0.6 
.03 -ol 2.6 


0.9 1.0 

9 13.8 co 
Evidently the ratio varies from 1to ©. For example, when tests 
are made in which the bearing surfaces are very close together at 
one side compared with the clearance, the friction moment on the 


journal is vastly greater than the friction moment on the bearing. 
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JOURNALS PARTIALLY SURROUNDED BY THE BEARING 


21 Tower ran his experiments on a bearing partially surround- 
ing its journal. Hence when Professor Reynolds made his analysis 
of these experiments he investigated the case of a journal partially 
surrounded by its bearing. His work, as previously stated, is not 
simple enough to be easily used by others. Sommerfeld later made 
an analysis of a journal completely surrounded by its bearing and 
also of one in which the bearing extended exactly half-way around. 
W. J. Harrison later solved the problem of the complete bearing 
in a simple manner which can be readily used. Harrison’s work 
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on the complete bearing also forms the basis of the following 
study of partial bearings. 

22 An examination of the differential equations from which 
the pressure Equation [3] is obtained shows that the integration 
proceeds from the point of maximum pressure and ends with the 
point of minimum pressure. It appears that this integration can 
be stopped off anywhere around the film provided only that the 
pressures at the two ends of the film are such as can readily exist 
in a bearing. The simplest case is where the pressures are the 
same at both ends of the film and are atmospheric. 

23 When dealing with partial-bearing films the conditions of 
equilibrium must be carefully examined to determine the direction 
of the resultant pressure upon the bearing. The process by which 
partial bearings can be studied will be evident from the following 
comments ‘upon Figs. 7, 8, and 9. It may be assumed that the 
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bearing begins where 6 = 30 deg., i.e., at point EZ in Fig. 7, and that 
the pressure at that point is P’. We must first determine the next 
point in the direction of rotation of the journal in which the pres- 
sure is the same as at 30 deg. Referring, therefore, to the points 
E’ in Figs. 8 and 9, corresponding with point Z in Fig. 7, the lines 
E’F’ may be drawn parallel with the zero-pressure axis and cutting 
the closed pressure loop at F’. The pressure at both EZ’ and F’ 
will be P’. The point F” in Fig. 8 or 9 may be transferred so as 
to locate point F in Fig. 7. This may therefore represent the end 
of the partial bearing that begins at H which is 30 deg. from the 
diameter that is perpendicular to the load. The angular length 
of the partial bearing is B. 

24 If we shade again the portion of the pressure loop lying 
above the line F’H’ in Fig. 8, this double-cross-hatched section 
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will represent the vertical component V; of the film pressure be- 
tween the partial bearing HF and the journal. 

25 Referring now to Fig. 9, if we again cross-hatch the portion 
of the loop at the left of E’F’, this double-cross-hatched section 
represents the horizontal component H, of the film pressures be- 
tween the partial bearing HF and the journal. This acts to the 
right on the journal and to the left on the bearing. 

26 The relative magnitudes of V; and H, can be determined 
by measuring the double-cross-hatched areas with a planimeter. 
The resultant of these two will act along the line O’G in Fig. 7 at 
angle a from O’E. This line of resultant pressure will divide the 
partial bearing 8 into two portions, a and 6 — a, the portion a repre- 
senting the leading portion and the remainder the trailing portion 
when the bearing is considered with reference to the direction of 
rotation of the opposing journal surface. 

27. The method outlined above has been applied to the exami- 
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nation of partial journals varying in arc from 0 deg. to 360 deg. 
for various values of the eccentricity c. The results thus far ob- 
tained are indicated by Figs. 18 and 19; the first showing the 
relation between bearing angle, eccentricity, ard carrying capacity; 
the second the location of the applied load with relation to the 
bearing are B. 

28 The investigation of partial bearings is being continued 
and it is expected that the results can be charted in as useful a 
manner as those in Fig. 10. This work will probably be completed 
before the coming spring. 


DISCUSSION 


DanieL P. BARNARD, 4TH,! and E. V. Murpures.? While the 
author furnishes a valuable contribution to the laws governing the 
design and lubrication of bearings, the writers believe that he has 
failed to emphasize sufficiently three important facts, viz: 

a That the variable oil pressure in the oil film is entirely inde- 
pendent of the oil feed pressure; 

b That the position of the journal in the bearing, and conse- 
quently its carrying power, is independent of the oil feed pressure 
beyond that necessary to insure an unbroken supply of lubricant; 
and 

ce That while obviously the optimum position for the oil hole 
is at the point of minimum pressure, it must be recognized that 
ordinary bearings do not follow closely the laws of the two-dimen- 
sional theory. The actual location of the point of minimum pres- 
sure being unknown, it is usually best to locate the oil supply hole 
at a point on the low-pressure side in line with the application of 
the load. This position usually deviates but little from that of the 
actual point of minimum pressure. 

While attempts are often made to increase the carrying capacity 
of a bearing by increasing the oil supply pressure, the former is 
determined entirely by the internal operating conditions of the 
bearing, i.e., (uU/R), (n/a), in the author’s notation. 

A two-dimensional consideration of the problem is of value to 
an understanding of the mechanism by which fluid-film lubrication 
occurs, but it leads to some erroneous conclusions of a serious 
nature. In the two-dimensional theory the distribution curve for 
the variable oil-film pressure must be symmetrical to the dis- 
placement axis, and therefore the direction of displacement of 
the journal must be at right angles to the applied load. This leads 
to the conclusion that if the actual minimum pressure (Po—P) 
should tend to drop below a value of zero absolute, a rupture of 


1 Divisional Director, Research Laboratory of Applied Chemistry, Mas- 
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* Assistant, School of Chemical Engineering Practice, Massachusetts 
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the film must occur. Such a rupture may be understood as a 
transition point from fluid-film to absorbed lubrication. The 
writers have a considerable amount of experimental evidence 
where fluid-film lubrication was obtained under conditions which, 
according to the two-dimensional concept, would involve negative 
pressure. These are shown in Figs. 20 and 21, which compare the 
observed friction of the bearings with that calculated by the 
equations given by the author. In Fig. 20 an apparent minimum 
pressure of — 27 lb. per sq. in. exists just before the point of rupture 
is reached, while in Fig. 21 the minimum pressure is — 154 lb. per 
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sq. in. In these diagrams a sharp rise in the coefficient of friction 
is used to indicate a rupture in the fluid film. 

Obviously, such negative pressures cannot exist in a liquid 
film. Their apparent presence indicates a discrepancy between 
fact and theory which can be accounted for only by the fact that 
there actually exists a pressure variation along the length of the 
bearing. The difficulties attending three-dimensional treatment 
of a bearing are great. However, the writers have carried out the 
analysis to a point which indicates several important facts as 
follows: 

a The distribution curve for the variable pressure is not sym- 
metrical to the displacement axis 

b For a short bearing (length not exceeding several diameters), 
the displacement of the journal is not at right angles to the load. 

2 
This position, however, is approached at high values of 7: He 
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¢ The maximum positive variable pressure in the oil film is 
ordinarily much greater than the corresponding negative pressure. 

Conclusion ¢ accounts for the possibility of existence of “nega- 
tive” pressures in an ordinary bearing and at the same time pre- 
cludes any chance of predicting by calculation the point of film 
rupture. The truth of this conclusion is obvious, since the ends of 
the conventional bearing are exposed to atmospheric pressure 
and the existence of a pressure below this figure will cause a flow 
inward toward the center of the bearing. 


Guipo H. Marx. The writer believes that the work of Sommer- 
feld and Harrison, upon which the author has based his paper, 
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forms a mathematical structure unsupported by sufficient experi- 
mental data as a foundation. Their results apparently are based 
on assumptions to some extent contrary to observed facts. 

Three separate theses have been written under the writer’s 
supervision by graduate students in mechanical engineering at 
Stanford University, covering investigations of the oil films of 
complete cylindrical bearings. That by B. M. Green was awarded 
the Society’s student prize in 1916. He used ring oiling, and the 
point of nearest approach was in no case at right angles to the 
direction of pressure. In 1917-1919, Messrs. Bennett and Rifen- 
berick continued and extended the investigation, using flooded 
lubrication with a head of oil above the journal. In no case did 
the point of nearest approach lie at right angles to the line of 
pressure, and in every case the center of the journal was lifted 
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above the center of the bearing, while the load was directed ver- 
tically downward. The same phenomenon was observed by 
Franklin and Hartmann in continuing the investigation last year. 
The writer does not attempt to explain it, but only reports it as 
an observed fact which seems to make untenable the fundamental 
assumptions of Harrison. 

It should also be noted that a Russian, Petroff, developed the 
hydrodynamic theory of friction independently of and coincidently 
with, if not prior to, Osborne Reynolds. He should at least receive 
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joint credit. The writer is not casting doubt upon the hydro- 
dynamic theory, but is merely suggesting that certain physicists 
and mathematicians in applying it have overlooked some of the 
complexities in the phenomena and too greatly simplified their 
conclusions. 


A. R. Roserts. While the bearing to which the author’s curves 
apply is an ideal one, in that no account is taken of distortion due 
to load and the surfaces are assumed to be perfectly true and 
smooth, the assumptions made are not such as to modify to a 
great extent the conclusions which may be drawn as to the char- 
acteristics of real bearings. It is doubtful, however, whether in a 
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practical bearing, even with an ample supply of lubricant available, 
there exists the homogenous film assumed in the ideal case. The 
paper refers to the possibility of sub-atmospheric pressures existing 
in the film, and with such pressures air and other gases may sepa- 
rate from the liquid, and conceivably the film be ruptured. Such a 
condition might help to account for some of the difficulties of 
checking experimentally the results of mathematical analysis. 
The case of partial bearings is perhaps of greater practical 
importance than that of full bearings. The particular case of a 
half bearing has been solved by Sommerfeld. His results are 
compared with those of the author in Fig. 22. The full-line curve 
is the ratio of the carrying capacity of a half and a full bearing as 
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- derived from Sommerfeld’s equations. The plotted points were 
obtained by scaling the author’s Fig. 18. The agreement is fair 
and while the possible errors in scaling are large, the discrepancies 
appear to be due to an assumption by the author. 

The nature of this assumption may be realized by a study of 
Figs. 7 and 23. In a full bearing, as the load is applied the axis of 
the journal moves relatively to the axis of the bearing in a straight 
line along the diameter at right angles to the load line, and the point 
of minimum film thickness is always at the end of this diameter, 
i.e., at 180 deg. in Fig. 7. In the half bearing, according to Som- 
merfeld, the axis of the journal moves in a curved path so that the 
point of minimum film thickness lies between 135 and 180 deg., 
depending upon the eccentricity. The position of this point and 
of the point of maximum film pressure is not the same for the half 
bearing as it is for the full bearing as shown by Fig. 23. 
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Following the author’s method, apparently the case of the half 
bearing can be worked out by cutting the full bearing in Fig. 7 
along the horizontal diameter, removing the lower half, and leaving 
the pressure distribution and relative position of the axes unaltered. 
It would seem, therefore, that the author’s values for carrying 
capacity should differ somewhat from Sommerfeld’s. As the dif- 
ference is not very serious, the value of the author’s work on 
partial bearings is not appreciably diminished. 


M. D. Hersey. The reduction of the hydrodynamic theory 
of lubrication to actual curves and every-day units permits its 
ready application to practical problems of design. A further result 
of the author’s paper is the putting of the theory in a more usable 
form for research. For instance, by means of Fig. 5, we can now 
investigate the variation of viscosity in different parts of the film, 
assuming an experimental value for the increase of viscosity with 
pressure, and thus check the reasonableness of the assumption of 
uniform viscosity on which the theory is based. 

Some of the particulars in which the classical theory probably 
differs from the true physical facts may be emphasized. These 
include the following basic assumptions: 


a Uniform viscosity 

b Freedom from leakage of oil at ends, and maintenance of 
film pressures shown by Fig. 5 clear up to the ends of the 
bearing, where it must then be assumed that these local 
pressures are abruptly reduced to the surrounding pres- 
sure Po 

c Geometrical perfection of bearing surfaces, freedom from 
distortion, etc. 

d Absence of external couple about an axis perpendicular to 
that of the journal, such as might be caused by belt pull 

e Rate of oil feed low enough to eliminate thrust due to 
change of momentum of the entering oil stream 

f Film thick enough to possess the ordinary bulk properties 
so that no account need be taken of unknown “‘oiliness”’ 
factors. 


While these, and other assumptions that may be involved, are 
doubtless understood by the author and research workers in 
general, they may be overlooked by certain classes of readers. 
Fortunately, these assumptions are substantially correct under 
ordinary conditions as proved by Harrison in the paper cited, where 
he refers to the air-lubricated bearing of Kingsbury for experi- 
mental support of the theory. 

The writer believes that the region where the author’s results 
will be most useful lies at, or just above, the value of wN/w which 
corresponds to the minimum coefficient of journal friction \ as 
depicted in Fig. 17. The reason why the theory may not apply 
very well below the minimum point has been shown by D. L. 
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Barnard, 4th, and co-authors in a contribution from the Massa- 
chusetts Institute of Technology presented before the American 
Chemical Society in 1923. Their recent experiments appear to 
prove that the unknown “‘oiliness” factors play an important part 
immediately below the minimum point. 

On the other hand, for very high values of uN/w corresponding 
to eccentricities less than, say, 20 per cent of the radial clearance, 
i.e., for c < 0.2, the author’s theory, while correct, seems unnec- 
essarily complex. It is sufficient in these ordinary high-speed 
problems to work with the simple formula of a concentric bearing, 
for example, Equation [43] of the writer’s paper on Laws of Lu- 
brication.! 

At high speeds, moreover, it is difficult to predict the true vis- 
cosity of the oil film. The author’s results here again are mathe- 
matically correct, but they presuppose a knowledge of that unknown 
viscosity. Suggestions for determining this coefficient of friction 
when thermal equilibrium has been reached, without knowing the 
true temperature or viscosity in the film, are to be found in the 
writer’s paper, Lubrication Research Problems.? 


A. E. Ftowrrs. A word of caution should be given in regard to 
using Dr. MclIlheny’s tables for viscosities, which, though derived 
from the best data available at the time, were based on one or two 
models of Engler, Redwood, and Saybolt viscosimeters. Variations 
in different Saybolt viscosimeters may amount to 15 per cent, 
particularly for low viscosity. The American Society for Testing 
Materials is working in conjunction with the Bureau of Standards 
to standardize methods of viscosity measurements and to reduce 
the variations between readings on different Saybolt viscosimeters. 

A factor of great importance in selecting the design for clearance 
and the viscosity of the oil is to see that the combination gives a 
margin of safety for both normal and any reasonable extreme of 
conditions that will still allow operation on the decreasing branch 
of the curve for the friction coefficient, rather than to select the 
conditions for minimum friction. With the minimum-friction 
condition for the usual operating conditions, any increase of load 
or increase of temperature (which always decreases the viscosity 
of oils) would increase the friction. This would still further increase 
the temperature and further decrease the viscosity. Accumulative 
effect, therefore, is a continuance of temperature rise and the ten- 
dency of the bearing to seize. Fortunately, seizing by this method 
inherently requires time. The length of time depends on the heat- 
absorbing capacity of the journals, bearings, supports, etc., whose 
temperature must be raised. This time gives an opportunity to 
observe the condition of overheating and to check it by extra 
cooling or the temporary use of a more viscous lubricant. 

Bearing design, therefore, should provide not only a continuous 


1 Trans. A.S.M.E., vol. 37, p. 189. 
» Jour. Am. Soc. Naval Engrs., November, 1923. 
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heat-dissipating capacity, equal to the heat energy produced by 
friction, but also heat-absorbing capacity which will retard sudden 
temperature rises. 


W. Ermer. It would be of service if the author could give us 
information on the practical application of his theories to parti- 
cular problems. For instance, steam locomotives have now become 
so large, and the limit of sidewise clearance is so definite, that 
erankpin pressures have evidently reached a point exceeding the 
possibility of satisfactory lubrication. In a certain class of loco- 
motives operating at 250 lb. per sq. in., the cylinder is 303 in. in 
diameter and the crankpin brasses are 9 by 9 in. The resulting 
bearing pressure is over 2000 lb. per sq. in. Under certain condi- 
tions of operation, for instance, on a grade, the pins will become 
overheated within two or three miles. If the speed is reduced, the 
pins may cool off, but the engine is then operating at a lower 
capacity than that for which it was designed. 

This presents a real problem in railroad operation. Engines 
cannot be stopped every two or three miles to cool hot crankpins, 
nor is it feasible to so ease off that the engine will move the train 
without burning up the brasses. All kinds of lubrication have been 
tried, including hard grease, but the results are not what they 
should be. The author would be making a real contribution to 
railroad engineering if he could give us the information necessary 
to a solution of this problem. 


W. E. Symons. The writer feels that the author has employed 
complex formulas to such an extent as to make his paper inappli- 
cable to the practical problems that lubrication must necessarily 
solve. In the final analysis, if the results of a particular mathe- 
matical analysis or formula or the deductions and conclusions 
reached from that analysis are not applicable in a practical way 
to solve the problem of lubrication, the mathematical treatment 
is of little value. 

From the standpoint of lubrication on railroads, there are 
today on more than 250,000 miles of railroad approximately 
67,000 locomotives, 2,400,000 freight cars and about 56,000 pas- 
senger cars. Locomotive lubrication alone costs about $9,000,000 
per year, and the locomotives have all the way from 14,000 to 
77,000 sq. in. of lubricated area. The total amount spent for 
lubrication on railroads is probably at least $33,000,000 per year. 
The railroads are employing hundreds of high- grade practical 
engineers and an equal number with scientific training to solve the 
problems essential to the economical operation of trains. These 
men look to this Society to furnish them with definite and specific 
formulas and data, that they can follow and apply, to solve problems 
such as those of lubrication. If this paper will furnish a guide, it 
is a valuable contribution, but the writer fears that it is too scien- 
tific to be of much service for practical application. 
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It is to be hoped that the author in closing will supplement his 
paper with a clear, concise, specific statement, void of ambiguity 
and free from algebraic formulas, that any lubricating engineer of 
average intelligence can implicitly follow, as to: (a) Kind or char- 
acteristic and proper quantities of different lubricants; and (b) best 
methods, means, or devices to be used in their application, for 
railway, marine and industrial work or any specific section thereof, 
so that the lubricating engineer may know beyond the hazard of 
doubt that by following these instructions any given or specific 
problem can be satisfactorily handled. 


James A. Hauy. While railroad men are interested in lubri- 
cating problems involving high pressures and slow speeds, and 
probably conditions involving imperfect lubrication, in the machine- 
tool industry the problem of very light loads and high speeds is 
frequently encountered. 

At the present time the writer is interested in the problem of 
improving grinding spindles, and making the bearings last somewhat 
longer than they now do. He has not gone very far, but hopes to 
receive some help from the present paper. However, he finds 
certain, conditions which are not covered by the paper. For in- 
stance, a grinder with a 2-in. or 3-in. spindle, running at 1500 
r.p.m., is off the lower end of the scale in Fig. 10 of clearance 
divided by radius or diameter. In regard to the lubricant used, 
even the thinnest lubricant would be so far up on the friction curve 
that it might reach infinity under certain conditions. It is a 
question whether or not we can expect, under the conditions given, 
with a clearance of, say, 0.001 or 0.0015 in. on a 2-in. or 3-in. 
journal, to maintain perfect lubrication throughout with the high 
speed and low pressure, and, if so, whether the coefficient of friction 
would not be far beyond the top of the chart. 

In practice, with bearings with very small clearances it seems 
to be a fact that up to a certain point the bearing runs hotter as the 
oil supply is increased. For instance, a bearing seems to run, and by 
temperature measurements actually does run, cooler when lubri- 
cated at a rate of one drop per minute or one drop in two minutes 
than when, say, twenty drops per minute are fed into the bearing. 
This may possibly be due to the fact that the cooler oil coming in 
more rapidly might mean a lower viscosity. 


W. T. Macruper. This paper is a good illtistration of the 
different viewpoints of the man versed in mathematics and research 
and of the man who must make practical applications of the results 
of the research. The Society has had a number of papers which 
were beautiful from the theoretical point of view, and which pointed 
out the path for further experimental work, but which, when 
applied to practical problems, such as those cited in this discussion, 
failed to give the information desired for use by the practicing 
engineer. 
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The truly straight cylindrical bearing and uniform intensity of 
pressure do not exist except under zero load. A 3-in. shaft on 
4-ft. centers, loaded so that it deflects 0.2 in., or a crankpin of a 
locomotive loaded so that the end has deflected 1/16 in., or more, 
from the position it occupied before loading, no longer have a 
straight line for the center of the shaft or pin. Instead, the center 
line is a continuous curve, and as shafting bearings do not support 
straight lines but curved lines, the problem is not simple, as the 
thickness of the oil film varies from a small fraction of its average 
thickness at the two ends where the intensity of pressure is the 
greatest to several times that thickness where there is no pressure. 
Mathematical analyses should take these practical facts into 
consideration, and so be of the greatest service. 


S. TrmosHENKO ! and J. M. Lessexxs. The first application of 
the hydrodynamic theory to an analytical solution of the problem 
of lubrication was made by N. P. Petroff? who developed the 
theory for the case of the central position of the journal in the 
bearing and found that the friction moment was independent of 
the load and proportional to the speed. Sommerfeld, to whom 
belongs the further development of the Reynolds theory, showed 
that at high speed his results coincided with the results of Petroff. 

In 1913, W. J. Harrison * pointed out that the problem of the 
cylindrical bearing could be considerably simplified if the bearing 
was in the form of a complete cylinder surrounding the journal, 
and the entire space between the journal and its bearing filled with 
lubricant. 

The graphical representation of the theoretical results obtained 
by the author is a very clear one, and this may encourage a general 
study of the theory of lubrication. So far, this theory, as at present 
developed, is not directly applicable to the design of bearings. It 
is limited by the assumptions made in deducing it. The most 
important of those is that relative to the continuity of the film. 
According to T. E. Stanton several attempts have been made at 
the National Physical Laboratory to set up Harrison’s conditions 
in practice. Up to the present these attempts have failed for the 
reason that it has not yet been found possible to prevent rupture 
of the film on the lower half of the bush where the pressure was less 
than atmospheric, by an inflow of air from the ends of the bush. 

The second point of importance is the effect of leakage of lubricant 
at the sides of the brass. In the case of thrust blocks the effect of 
this was worked out by A. G. M. Michell * with a square block 
having side leakage, and the permissible mean pressure was found 
to be 0.422 as much as when end leakage of the lubricant was 


1 Research Department, Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pa. 

2 Bulletin of the Institute of Technology, St. Petersburg, 1885-1886. 

3 Trans. Cambridge Phil. Soc., vol. 28, 1913. 

4 Zeitschrift fiir Mathematik und Physik, vol. 52, 1905.: 
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suppressed. Due to the limitations mentioned, the direct applica- 
tion of the theory to the design of bearings is difficult and the 
development of further experimental study of the problem becomes 
of great practical importance. 

Factors such as heat flow and deflection of the shaft have to be 
considered. This, therefore, brings us to the consideration of tests 
on full-size bearings. Probably the most interesting work done 
along these-lines is that of O. Lasche.t Confronted in his steam- 
turbine design with lubrication problems where the speed and the 
pressure were far beyond the usual practice, Lasche solved these 
problems in an experimental way by using full-size experimental 
bearings of 8-in. bore and 16-in. length. From these experiments 
some important conclusions were obtained on the distribution of 
pressure over the cylindrical surface of journal, the distribution of 
' temperature, the effect of clearance, and the effect of different 
manner of conveying lubricant to the bearing. The value of 
further development of this kind of experiments in accordance 
with the new practical conditions cannot be overestimated. 

Another field for experimental work represents the study of 
boundary lubrication in which the thickness of the film is of molecu- 
lar dimensions. Some interesting results in this direction have 
been obtained recently by T. E. Stanton.* 

The writers’ opinion is that the theory, so far as at present 
developed, can give some guidance in proportioning bearings, but 
further development in its application will be possible only when 
the analytical study is accompanied by well-thought-out experi- 
mental work. 


Tue AutHor. Messrs. Barnard and Murphree have very kindly 
emphasized some important phases of the study of journal lubri- 
cation which the author did not mention, or purposely touched 
but lightly upon, being more intent upon a concise graphical pres- 
entation of W. J. Harrison’s mathematical work. It is most 
fortunate that the discussion presented by all those who contributed 
to it also covers so many other important aspects of the subject. 

The author’s graphical presentation was limited to two dimen- 

‘sions in this first paper because it is the easiest direction of 
approach. It is also fairly adequate for practical needs. When the 
graphical study of partial bearings is completed the author feels 
that all variations from ideal bearings can be most profitably 
discussed. 

When the statement is made that fact and theory disagree it is 
time to examine both the theory and the facts. If a simple theory 
is Inadequate for practical purposes, a more comprehensive one 
must be brought forward. Obviously, the two-dimensional theory 


1 Konstruction und Material im Bau von Dampfturbinen, by O. Lasche, 
Berlin, 1920. 
2 Engineer, vol. 185, June 29, 1923, p. 678. 
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of the complete bearing is valueless for a journal whose length is 
but a small fraction of its diameter, whether the speed be high or 
low. Obviously, also, it may be quite adequate for a journal three 
diameters long. It is also obvious that a simple graphical analysis 
of partial bearings would help to solve problems of incomplete 
lubrication of full bearings of any length. 

The author does not believe that there is a sharp line of demar- 
cation between complete fluid lubrication and the so-called ‘“rup- 
ture” of the oil film. Careful observation should show a gradual 
passing from pure fluid friction to the friction of coated metal. If 
test conditions are such as to generate heat very rapidly the coatings 
would soon be destroyed and actual surface seizure might 
result. 

Professor Marx calls attention to some student-thesis tests 
which are reported to have shown that for a full bearing the journal 
axis frequently runs above the horizontal plane through the bearing 
axis. The bearing to which he refers actually had two large oil- 
ring openings in the upper half which could reasonably be expected 
to prevent the realization of ideal pressure conditions. The unit 
pressures employed were very small and the method employed for 
charting the relative axis displacements would not show up such 
inconsistencies in the results as might actually exist. Consequently 
those theses should not be accepted as discrediting the theories 
developed by Reynolds and others. 

Dr. Hersey calls attention to the “geometrical imperfections of 
bearing surfaces and freedom from distortion.” These are of the 
greatest importance to investigators of the action of bearings in 
the region of film rupture. It becomes necessary for investigators 
to describe the mechanical methods employed to produce accurate 
bearing surfaces for their tests, so that some estimate of their 
probable exactness and dependability can be made by students of 
the test results. Here theory can assist by furnishing a standard 
by which to gage the influence of bearing-surface distortions and 
imperfections. The more perfect the test surfaces are, the closer 
they can be brought without interference between their high spots. 
The laws of viscosity will be found to hold for extremely thin 
films as demonstrated by Mr. Albert Kingsbury in 1900. He 
obtained film thicknesses of 1/40,000 in. without discovering any 
deviation from the law of absolute viscosity as accounting for 
bearing friction. 

Dr. Mellheny’s viscosity conversion tables to which Professor 
Flowers refers cover a Saybolt range from 67.8 to 500 sec. The 
author has used no values below 100 sec. Large conversion errors 
that might be expected for Saybolt viscosities around 50 sec. would 
not be present in the range used for plotting the curves in 
Fig. 10. 

Reference to Fig. 16 will show how the minimum friction coeffi- 
cient for a high-speed bearing can be obtained. At 1200 r.p.m. 
with a unit load of 60 lb. per sq. in. the lowest coefficient occurs 
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when the clearance is 0.005 in. per inch of diameter. This is 
probably fairly correct for a long journal. In practice, however, we 
find clearances much less than this. A customary clearance for 
steam-turbine bearings is 0.002\in. per inch of journal diameter. 
The friction in these bearings therefore appears to be much above 
the possible minimum for the pressure-speed conditions assumed. 
This minimum can be approached by increasing the customary 
clearance. It does not appear that such an increase of clearance 
would endanger the bearing, but quite the reverse. 

A decrease of friction coefficient below the minimum for a 
given pressure-speed condition can be obtained by increasing the 
unit pressure. This at once gives a new pressure-speed condition. 
It would therefore be quite profitable to investigate the point 
raised by Professor Flowers to find how far down the decreasing 
branch of the friction curve of Fig. 10 it would be desirable to work 
in practice. This would amount to determining an allowable per- 
centage of eccentricity, but it would have to be coupled with an 
allowable unit pressure. 

Professor Hall raises some interesting points on grinder-spindle 
bearings using light loads, high speeds, and smail clearances. 
For his purposes the chart section from C = 0 to C = 0.1 should 
be redrawn with very small subdivisions for C, and with additional 
curves for lower viscosity lubricants — not excluding one for air. 
Scales of smaller clearance would also be required. It is quite 
probable that the assumption of the existence of a complete oil 
film in a grinder-spindle bearing would have to be supplemented by 
the assumption that an extremely light oil is used. This suggestion 
is borne out by Professor Hall’s statement that such bearings run 
hotter as the oil supply rate is increased, “‘up to a certain point.’ 
A constant rate of oil supply presupposes a constant rate of dis- 
charge. If the bearing design brings about a rapid discharge, it 
is to be expected that for a low supply rate the bearing lubrication 
would be imperfect so far as oil is concerned. It might even be 
running mainly on air, whose viscosity is very low, in which event 
the heating would be increased as the rate of oil supply is increased 
until a complete oil film was established. It is assumed that the 
rate of oil discharge is comparatively low and that most of the 
friction heat is disposed of by the bearing to the surrounding 
air. 

The study of partial bearings, as previously stated, has not 
yet been completed by the author and he has therefore not yet 
made a direct comparison between the half-bearing characteristics 
determined graphically and analytically, the latter by Sommerfeld. 
The author has not yet studied the effect of friction, in a partial 
bearing, upon the direction of the resultant pressure. When this 
has been done his results should check exactly with those of Som- 
merfeld, and the small discrepancies pointed out by Professor 
Roberts should disappear. 

Messrs. Timoshenko and Lessels have mentioned N. P. Petroff’s 
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early development of the viscous-friction theory as applied to 
bearings when the axes of the journal and bearing coincide. This 
case gives a film of uniform thickness in which the friction differs 
but little from that of bearings with a small amount of eccentricity. 

The hydrodynamic theory developed by Prof. Osborne Reynolds 
tied up the internal film pressures with the bearing speed and the 
viscosity of the lubricant. He proved that eccentricity was essen- 
tial to the automatic generation of pressure within the film. Rey- 
nolds developed his theory first for a pair of inclined flat surfaces 
and then for a journal partially surrounded by its bearing, the 
latter corresponding with Tower’s experimental bearing. 

Sommerfeld solved the problem later for both the full bearing 
and half bearing, using polar coérdinates. Harrison again solved 
the problem of the full bearing using rectilinear codrdinates, 
the latter being directly comparable with the earlier work of 
Reynolds. 

In all the above cases the end leakage was ignored because of 
the mathematical difficulties. The only mathematical study of 
end leakage to date was made in 1903 by A. G. M. Michell, for 
inclined flat surfaces only. His paper indicates that a prodigious 
amount of detail work was necessary to obtain his published 
results. It is to be hoped that some one with equal ability and 
perseverance will soon work out a simple mathematical analysis 
of journal-bearing lubrication, taking end leakage into account. 

When such mathematical analyses as are at present available 
are presented graphically in a form that makes them readily 
available for checking experimental results, it will probably be 
found that simple factors can be determined that will answer all 
practical requirements for the designer and user of bearings. 
The author hopes that his work will prove a useful step in the de- 
sired direction. 

Professor Magruder has called attention to the influence of 
journal deflection upon the mean thickness of the oil film. The 
author has made a preliminary study of this and will amplify the 
following statements in a later paper. The tendency in bearing 
design is toward shorter journals measured in terms of diameter. 
This reduces the danger from deflection. Self-aligning bearings 
are employed in some cases. Deflections are not very serious with 
short bearings using moderate pressures. Allowable deflections 
should be measured in terms of expected film thickness. When 
the author’s study of film thicknesses of partial bearings is com- 
pleted this question will be further discussed. 

Messrs. Symons and lmer have suggested that the author’s 
work has not shed any very helpful light upon the every-day 
problems of railroad rolling-stock lubrication. The suggestion is 
appreciated as most timely. In the next section of his paper the 
author will try to bring the subject nearer to every-day problems 
by treating more fully the common cases of partial bearings. 

It should then be possible to predict with fair accuracy what are 
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the most important characteristics in the lubrication of different 
combinations of bearing surfaces with a given journal. 

The lubricant for bearings may be applied intermittently or 
continuously. Progress in bearing design must be made by making 
the lubrication as nearly continuous as possible. A reduction of 
the loss of oil from the bearing in intervals between application of 
oul will help much to bring about this condition. The difficulty 
experienced in lubricating crankpin bearings on locomotives is 
traceable to this weakness in their design. 


i 


No. 1907 


THE BENDING AND TORSION OF MULTI- 
THROW CRANKSHAFTS ON MANY 
SUPPORTS 


By S. TrmosHenxKo,! Easr Pirrspureu, Pa. 
Non-Member 


In this paper the author considers the bending and torsion of multi- 
throw crankshafts on many supports. The assumptions made to sim- 
plify the problem are (1) that the crankshaft is simply supported at 
the middle cross-sections of the journals, and (2) that each throw is 
considered as a rod whose cross-sections are small in comparison with 
the length. On these assumptions a system of equations for determina- 
tion of bending moments at the supports is obtained. The application 
of these equations to the case of twist and bending of a three-throw 
crankshaft on four supports is considered in detail and the diagrams 
of bending moments for a numerical example are given. 


N A PAPER entitled Torsion of Crankshafts,? which the author 

presented at the 1922 Annual Meeting of the Society, only the 
single-throw crankshaft was considered, and therefore the very 
considerable influence of the neighboring cranks on a throw was 
neglected. In this paper the equations for the torsion and bend- 
ing of multi-throw crankshafts on many supports are given. 

2 In applying these equations to the case of twist of a three- 
throw crankshaft, it is found that the effects of constraint on the 
“reduced length” of the first and third throws are small (about 
3 per cent). The same effect for the second throw is about half 
that obtained in the above-mentioned paper on the assumption 
of journals clamped at the middle cross-sections. The bending of 
the three-throw crankshaft is also considered and the bending- 
moment diagrams are given for a numerical example. 

3 The assumptions made to simplify the problem are (a) that 
the crankshaft is simply supported at the middle cross-sections of 
the journals and (6) that each throw is considered as a bar mnpqst, 
Fig. 1, whose cross-sections are small in comparison with the 
lengths r, e, and f. It will be shown that the calculations made on 


1 Research Dept., Westinghouse Elec. & Mfg. Co. 
2 Trans. A.S.M.E., vol. 44, p. 653. 
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this latter assumption are in good accord with the results obtained 
in the author’s previous paper on the basis of a more detailed 
consideration of the deformation of a single throw. 


DEFINITIONS AND SYMBOLS 


4 The definitions used are those employed in the author’s 
previous paper. The dimensions are shown in Fig. 1. The prin- 
cipal symbols are as follows: 


C = torsional rigidity 
B = flexural rigidity 

G = modulus of shear 
a oye modulus 


C, = GO, = = 7 d’G = torsional rigidity of the journal and the 
32 crankpin 
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Bo= Hl,= pF = flexural rigidity of the web against 
bending in the plane through q-s per- 
pendicular to the plane of the draw- 
ing of Fig. 1. 

3 

B; = EI; = aE = flexural rigidity of the web against 

bending in the plane of the throw. 
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5 The bending and torsion of the multi-throw crankshaft are 
calculated by the same method as for a continuous beam. Analysis 
is first made of the deformations of a single crank due to various 
forces and moments. The bending moments at the supports are 
then determined by using the conditions of continuity of the 
elastic line. The axes of coédrdinates for each throw are chosen 
as shown in Fig. 2. The ry-plane always coincides with the plane 
of the throw and the z-axis is so directed that rotation of a right- 
hand screw from y to z would produce motion in the positive 
direction of the z-axis. 

6 The external forces on the throw to be considered are: 


a The force of the connecting rod on the crankpin. This, 
acting in a plane perpendicular to the z-axis, is resolved 


Fie. 2 


into two components, P and S, parallel to the y- and z- 
axes, respectively (Fig. 2) 

6 The centrifugal forces due to the web and crankpin. These 
are represented by two equal forces, Q, parallel to the 
y-axis (Fig. 2) 

c The action of the neighboring cranks at the middle cross- 
section of the journal. This action is represented by a 
shearing force and a couple which usually is resolved into 
three components, namely, 

m, the bending moment in the plane of the throw 

M, the bending moment in the plane perpendicular 
to the plane of the throw, and 

T, the twisting moment. 


The effects due to these different groups of forces will be analyzed 
separately and the combined effect obtained by the method of 
superposition of the effects of forces. 


BENDING IN THE PLANE OF THE THROW 


7 Referring to Fig. 3(a), consider the bending of the throw 
produced by the forces P, Q, and by a couple m acting at the left 
support in the zy-plane. The relation between the positive sense 
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of the moment m and the positive direction of the z-axis is the 
same as the relation of rotation to translation in a right-hand 
screw. The same rule is used in determining the sign of the angle 
of rotation of any cross-section of the journal. In accordance 
with this, the angle ¢ of rotation of the left terminal cross-section 
is positive, and yg» negative. 
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8 In calculating these angles, Mohr’s method! is the most 
expeditious. In the case of a simple beam, the assumption must 
be made that it sustains a continuous distributed load the value 
of whose intensity at each cross-section is numerically equal to 
M/B, where M denotes the bending moment at the given cross- 
section and B the flexural rigidity of the section. The reactions 


1 Abhandlungen aus dem Gebiete der Technischen Mechanik, by 0. 
Mobr. 
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at the supports calculated for this imaginary loading give the 
numerical value of the angles of rotation of the terminal cross- 
section of the beam. In the case of the crankshaft this imaginary 
loading gives the angular changes due to the bending of the 
journals and crankpin. In order to take account of the defor- 
mation due to the webs, two additional concentrated forces [see 
(a) and (6), Fig. 3] numerically equal to the angular deformation 
of the webs must be added. 

9 The angles Pr, $2 of rotation at the supports of the throw 
will be calculated in their component parts (gi, ¢2'), (gv’, ¢2”), 
(gi, vs’) due respectively to the forces P, Q, and the moment m. 

10 In the case of bending by the force P, the distributed load 
is represented by the triangle mnp, Fig. 3(6), and the additional 


concentrated load at each web is oe [ Fig. 3(6)]. This quan- 
tity is readily obtained. Since the casts are each uniformly bent 


: me Pe 1 
into circular arcs by the couples 3? the curvature, 2 from the 


formula 57 op is equal to a and the angular deformation is 
ale Then 


2Bs Qe+f)? er 
ae = 7 = oles IR —s 
Peri #5 Pi 16By +3 | 


The centrifugal forces @ give, by the same rule, the continuous 
loading and concentrated forces as shown in Fig. 3(c). Hence 


We e(e + f) 
COR ak oi’ = oS Sande z 
Similarly, the moment m, Fig. 3(d), gives 
vr m| ae er =i (e+ f)’r | 
Came SBE a Oe fBa | Ob FiB; 


Wa E apf 2e(e +t | 
"6B, * e+ f)Bs 


The sum of the effects of all the forces shown in Fig. 3(a), then, is 


Yi = MQ, + Pt, + Qte AMR OGL EAEE. S7ebe : LAB [1] 
G2 = — Ma, — Ph — Qte SEALOUYS 2 Co SRT IED SMM. EA? [2] 
where : 
2, 
gc pee er (ef) [3] 


3B, (2e+f)?Bs (2e+f)?Bs ° ~ 


a 2e(e+f)r 
(@e + fy°Bs eh een ete to. eae 


(6 
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jol Cera fenton 
A eR. tr 5B, 1.) sptates als ta osillew jlapie [5] 

e(e+f) er 
Oe Re i A PO ee 


BENDING IN THE PLANE PERPENDICULAR TO THE PLANE 
OF THE THROW 


11 The bending of the throw by the force S, parallel to the 
z-axis, and a couple M, acting in the xz-plane, Fig. 4(a), is now to 


(a) 
(b) 
(2) 
Merf)r Mer 
@erf)C, @Zetf)G, 
Fia. 4 


be considered. A moment Sr/2 about the z-axis is applied at 
each support to prevent rotation under the action of the force S. 

12 By the same method as above, the angles of rotation pro- 
duced by the force S [Mohr loading given in Fig. 4(b)] are 


Scary \ Cob Wer eines z 
W=-h= 6 Bae +3, Tee BS 


13 The case of M is more complicated. The angles of rotation 
of the ends are affected not only by the angular deformation of 
different parts of the throw in the plane of M, but also by the 
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deflection of the webs and the twist of the crankpin. The former 
can be calculated by the Mohr method as above [loading as in 
Fig. 4(c)]. These angles are 


ee 2e+f Cites (e+ f)'%r 
ee ue + one t 


ene 2Ze+f 2e(e+f)r 
MMe SoA 


eying 


14 The rotation of the ends due to the bending of the webs 
and to the twist of the crankpin can be taken from Fig. 5(a), where 
the corresponding distortion of the crankshaft is shown. It is 


Whos 


Fic. 5 


seen that these angles are each equal to d/(2e + f), where d is the 
displacement shown in Fig. 5(b). This displacement consists of 
twice the deflection of the web and the displacement due to the 
twist of the crankpin. The deflection of the web considered as a 


—- he displacement due to the twist is 
De+f 3B: The displacement due 


obtained by multiplying the angle of twist by the length r and equals 


a aaw 5, 
Det f, Cr 


cantilever is 


In this way 


28 re 
é- Maat ont @ ETE 


my uy au} 27% Lf ie 
eared “+f  [82e+fB, (2+ fC 


| ei 
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15 The complete angles of rotation, equal to the sum of [I], 
[II], and [IIT], are: 


Y= 6M — GS) Cae ees oe [7] 
Ue Se Mee ne 
where rae oF 
2e+f er e+f)r 
Bi “3p, + Gea fr, + Get fyCr 3Qe+ fyBs 
eure 9 
Hag aang, oly 4 [9] 
K--e -K---- Ff ee ES eG y 


Fie. 6 


_2e+f, 2ele+fr = Diss We 
Ba = BB | Oe Lr, 8 Ce+ YR, ~ Cen, «” Bue 


cinkle FifPigoeen: 
F anghe +o; lin Bi eR aia Se Pes Gi 


16 These, then, are the angles of rotation of the terminal cross- 
sections about axes parallel to the y-axis, produced by the forces 
and moments given in Fig. 4(a). As to rotation about the z-axis 
produced by these forces, conclusions can at once be drawn from a 
comparison of the cases represented in Figs. 3 and 4 and the use 
of the well-known reciprocal theorem. It is easy to see that the 
forces of Fig. 3, ie., those in the plane zy of the throw, produce 
displacements in the zy-plane only. Reciprocally, then, the 
forces in the xz-plane will not produce displacements in the zy- 
plane and therefore there will be no rotation produced by them 
about the z-axis. The rotation about the x-axis produced by the 
forces of Fig. 4(a) will be considered below. 
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Twist oF Simpty Suprortep THRow 


17 Fig. 6 is a diagrammatic representation of a throw twisted 
by the moments 7 applied at the middle cross-sections of the 
journals. As before, the dotted lines represent the deformed 
crankshaft. The total twist consists of the sum of the deforma- 
tions of the portions e of the journals, of the crankpin, and of the 
two webs. Now if 6; and 62 are the angles of twist of the journal 
and crankpin, respectively, 


PRIGGR: Cy 


18 Further, the bending of each web produces the angular 
displacement 63, equal to the angle between the tangents to the 
curve of flexure at its ends. The bending moment is equal to the 
twisting moment 7. Since the moment at each cross-section is 
constant, the curve of flexure of the web is a circle. Considering 
it as a beam of length r, 

Tr 
By 


19 The total relative angular displacement, 6, measured at 
the middle sections of the journals, will then be 


bs = 


6= = 261 + 02 + 263 = Tw be en eater [12] 
where 
26-79 . 2 
w= C, 7 Saas eae th [12a] 


20 The couples 7 produce not only the twist 6 but also the 
rotation W of the terminal cross-sections about the y- and y’- 
axes. This rotation, due to the bending of webs and the twist of 
the crankpin [ Fig. 6(b)]], is calculated as in Par. 14. Then 


d 
Oe 2e+f 
The flexure of the web produces a deflection 
eka 
UN DUP 


and the displacement due to the twist of the crankpin is 


shia br = i 
Then 
a-27+n=0(5+5) 


and 
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where 


Me | ele 
§ = are + | (ed, See eee [14] 


21 Now the twist of the throw produced by the forces of Fig. 
4(a) can be easily found; denoting this twist by 60, and applying 
the reciprocal theorem to the cases of Figs. 4(a) and 6(a), it is 
found that 

My = To 


or, employing [13] and [14], 


This twist is in the direction of the twisting couple T of Fig. 6(a). 
When there are two bending moments, M; and M2, one at each 
support, the corresponding twist is obtained in the same manner 
and will be equal to 


y= (CU ASO ON eos ESD Ue [15a] 

22 If, in the case of Fig. 4 (a), M be made equal to zero and in 
Fig. 6(a) the moment 7’ + (Sr/2) be substituted for 7, the com- 
bination of these two cases gives that shown in Fig. 7. In the 


further development of the subject the values of the angles y and 
Yo, Fig. 7, are necessary. Using Equations [5], [8], and [13], 


y= (7+2)s—us 
Y2= (7+ )s+us 


By using [11] and [14] these equations can be written as follows: 


Vit = Si = NSUiamevee, Pace Sed eis [16] 
Yo cs Ns + Sv, Otc, eon, wie maar tere [17] 
where 
rs wei, Ged f)? sen r (F fr 
ie D2 MG By 205» 2026 PN) \B; i a [18] 
ie re Qe=h pf)? er r ea ie 
a a 16B, 203 at 2(2e eee = Gh te 


Twist or THRow CLAMPED AT MippLE CRross-SECTION OF 
JOURNALS 


23 The complete solution of this problem was given in the 
author’s previous paper! (Case III, Partial Constraint) where the 
deformations of all parts of the throw were taken into consideration. 
These results will now be compared with those obtained by the 


1 Torsion of Crankshafts, Trans. A.S.M.E., vol. 44, p. 653. 
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simplified methods of this paper in order to obtain some idea of 
their exactness. : 

24 The solution of the problem will be found by superimposing 
the solution of the case shown in Fig. 8 on that shown in Fig. 6(a). 
The couples M of Fig. 8 must be chosen in such a manner as to 
annihilate the angles of rotation y produced by the twisting 
moments 7’, Fig. 6(a). In this way we obtain the equation 


See eg ete ea [Iv] 


The angle y is given by Equations [13] and [14]. The angle y’ 
is calculated by using Equations [7] and [8] of the case shown in 
Fig. 4(a). It is only necessary to put S = 0 in these equations and 


as 
' 4 

1 ly 

1 ae ' 


T L— i ieee See ue ts 8 he pele Lines! 


Fie. 8 


to take into account the fact that in Fig. 8 there are two terminal 
couples M acting in the same direction. Then 


fs =i S48.) IN Poemeranls: ai. hes [Vv] 


where (@; and £, are given by Equations [9] and [10]. Substitut- 
ing [V] and [13] in Equation [IV], 


s 
6 ee iy een Rees Pa 20] 
Bi — Bi c 
The angle of twist 6; for this case will be 
Oye D209 ee aege ve EVE) 


where 6 is the twist of the throw simply supported, Equation [12], 
and do, given by Equation [15], is the decrease of twist due to the 
bending moment M. The quotient 6,/6 gives the ratio in which 
the reduced length of the throw decreases as a result of constraint. 
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Substituting Equation [20] in [15] and using [12], there will be 
obtained from [VI] 

61 260 2s? 

Oh Ad ace Ege eee {p jo eeianZe 

6 6 (81 — B2)w tat) 


where (j, 82, s, and w are given by Equations [9], [10], [14] and 
[12a]. 


Numericat EXAMPLE 
25 Referring to Fig. 1, let d; = 10.25 in., a = 13 in., 7 = 11 in, 


b=6.5 in, h=5.5 in, c= 14 in. whence e= 9.25 in. and 
if SUBS Tie 
aX 10.254F 5S 148 
= Ch ‘ SS SSS = 2 7H 
By 64 542H; Be 12 1258 
t X10. 254 : IB SCS GLS 
rR Nine ere gaa 1085G; C= 3 645.5) ee 


Fit) 


@ () 
Fie. 9 


Taking H/G = 2.6 and substituting this value in [21], 


jb 1 _ 0.0058 
dad. 0.0408 


Therefore the reduced length, as compared with the case of no 
constraint, is decreased by 14.2 per cent. The detailed calcu- 
lations made for the same numerical example in the author’s 
previous paper gave a reduction of 12.5 per cent. This shows 
that the simplified equations give a good approximation, and they 
will be used further in the consideration of multi-throw crankshafts. 


=1-0.142. 


Tue Mutti-Turow CRANKSHAFT 


26 Consider now the crankshaft with many throws. Assume 
it to be simply supported at the middle cross-sections of the 
journals and number these supports in order 1, 2,3.... Then 
the throw lying between supports 7 — 1 and 7 will be the 7 — 1th 
throw, and all forces acting on it will have this subscript. When 
the twisting and bending moments at every support are known 
it is easy to calculate the deformations of any throw from the 
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foregoing equations. The twisting moment at any support can 
be calculated without difficulty from the equations of statics. 
For calculating the bending moments, the condition of continuity 
of the elastic curve at the supports must be taken into consider- 
ation. In Fig. 9-two consecutive throws cut out of a multi-throw 
crankshaft and having supports i—1, 7, and i+1, are repre- 
sented. The bending moment at the support 7 is resolved into 
two components, namely, the components m/; and M'; when the 
throw on the left of the support 7 is considered; and into the 
components m"; and M”’; for the throw on the right of the support 1. 

27 As before, m denotes the bending moment in the plane of 
the throw considered and M the bending moment in the plane 
perpendicular to the plane of the throw. The positive directions 
of these moments are shown in Fig. 9(a). The representation of 
the same moments by vectors is given in Fig. 9(b). As m’; and 
M’; on the one side, and m7; and M*; on the other represent the 
same bending moment, the resultant of m'; and M‘; must be 


Fie. 10 


equal and opposite to the resultant of m*™; and M*; as shown in 
Fig. 9(b). Therefore, denoting by y; the angle between the con- 
secutive throws at 7 and resolving the couples in the directions 
Yin and 2, 
M';+ M*; cos yi-— mi sin 7; = 0} [22] 
m+ M*; sin yi + m; cos yi = 0 ta aayers 


28 Two more equations are obtained from the conditions of 
continuity. Consider the throw on the left of the support 7. The 
positive directions of all the forces and coupes acting on this 
throw are shown in Fig. 10. ‘Denote by ¢’; and y’; the angles of 
rotation of the cross-section at the support 7 about the axes 2’;1 
and y’;1, respectively. The same rule holds for the sign of the 
angles as before. 

29 Using Equations [1] and [2] and taking into account the 
directions of the couples m*;, and m4; and of the forces Q;, and 
Lx, 

gi = may — M102 — Pyrat — Qi-ate pare p eo} 
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where ay, 2, t, and t, are given by Equations [3], [4], [5], and [6]. 
In the same manner, by using Equations [7], [8], [16], and [17], 


Y= M48, — M4 1Be+ Tias+ Si_1W2 he ae 


where fj, B2, s, and v, are given by Equations [9], [10], [14], and 
[19]. 

30 Considering now the throw on the right of the support 1 
and denoting by og; and w; the angles of rotation of the cross- 
section at i about the z;- and y;-axes of this throw, the following 
equations are obtained in the same manner as above: 


O75 = M5 — Mii a2+Pitit sa [25] 
r5= M’;B, — M44 82+ Tis — Sin Se isinth, 


Here 7; = Ti1+ Siar represents the twisting moment at the 
support 7, and the coefficient » is given by Equation [18]. The 


Fie. 11 


small'angles of rotation calculated from [23], [24], and [25] can 
be represented by vectors whose directions coincide with the 
directions of the corresponding axes of rotation ! and whose magni- 
tudes are proportional to the corresponding angles of rotation, 
Fig. 11. Now as g'; and wy’; on one side and gy"; and y¥; on the 
other represent the rotations of the same cross-section of the journal 
at the support 7, the resultant rotation of g"; and yw’; must be 
equal to that of the rotations ¢’; and y*; as shown in Fig. 11. 
From this figure 


e's = pcos yit Wisin ys ‘ 
apap do) iden A Hi? en) fe Seta 

31 These equations together with those of [22] give a system 
of four equations for the support 7. Analogous equations can be 
written for all the intermediate supports. In this manner are 
obtained a number of equations equal to the number of unknown 


1 There exists between the positive direction of the axis of rotation 
and the direction of rotation the same relation as between rotation and 
translation in a right-handed screw. 
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quantities m4, m7;,, M';, M";, where i=1, 2,3....n, andn 
is the number of supports. 
32 When Equations [23], [24], and [25] are substituted in 
[26], those of the latter number take the following form: 
mic — M12 — Pyath — Qiate = (mio — miyia2 + Pih 
+ Qite) cos yi t (MiB: — M'iyi182 — Si + Tis) sin yi; 
M?B; — M4182 + Tis + Siave = (M781 — M4182 [27] 
— Sw + Tis) cos yi — (mia — Miyiae + Pit 
+ Qite) sin yi 
Now equations of the type of [22] give 
Mr; + M‘; cos ¥i. bee M?;+ M*; cos ¥; 


ait sin Yi : sin Y; 
[28 
M43#5:+M*;_1 008 yin 3 M41 4+M 441 008 Yiq1 
= =e ee ae ; 
sin Yi-1 sin Yi41 
Substituting these values in [27], 
2 ee M';_4 — a2 cot V¥i1M*i1 — 2a, cot y:M'; 
sin Y:s—1 
Dare : 
mo ee eee + Begin 1) + (6. sin Yi 
sin Yi sin Yi 
5 5 COS Yi 
sage ns See ees ais we are =i z Mey = Poh 
sin Yi41 SIN VY i41 [29] 


+ Qi-ate +. (Piti + Qite) cos ys — Siti sin Ys + Ts sin ¥:. 
— M;_,B2 + (a1 + B:)M4i + (a1 — B1) cos yiM; 


sin Yi COS Vit1\ e744 sets 
; a See Be 4 aes, 
+ (6. cos Yi + O2 bh ) 14 sin Yi41 
on T 38 Ey T ;s cos Yi - S;-We - S,v Cos Aimee (P sth 


+ Qite) sin Ys 


Mr i4s 
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These equations play the same rdéle in calculating multi-throw 
crankshafts as the well-known equations of Clapeyron for the 
calculation of continuous beams. 

33 Special Cases of Equations [29]. (a) When yo= ¥3= Y¥,; 
Equations [29] take the following simplified form: 


a2 


LS eae Te M',_4 OUD, cot yM 4 = 2a cot yM!; 
sin y 
- (ft + a, cos y cot y + 6; sin y)M. + (82 sin y 


— az cos y cot y) Mig — a2 cot YM ign = Prati + Qz_sts [30] 
+ (Piti + Qite) cos y — Sim, sin y + Tis sin y. 
— M*;1B2+ (01+ Bi) M'; + (a1 — Bi) cos y M; 
+ (82+ a2) cos y M'i4i1+ a2M igs = — Tis + Tis cos y 
— S,-1W2 — Si, cos y — (Piti + Qite) sin y 


34 (b) Equations [80] take the form given below when the 
crankshaft is subjected to twisting only. Substituting therein 
Pe Pe Oa Of 1S = — Se — Orandeputringen = t— eles 


(ag) ] 

sin y 

— (GA + an 005 1 oot 1+ Bi sin ye + Bs sin 9 
sin y 


M?y4 — 2 cot EY, Mr;_, _ 204 cot Y M'; 


[31] 
— a2 cos y cot y)M'is1 — ae cot y Migs = Ts sin y. 

— BoM*;1+ (a1 + Bi)M*; + (a1 — Bi) cos y Mt; 
+ (@2+ Be) cos y Mtig1 + aoM 41 = Ts(cos y — 1) J 


APPLICATION OF EQUATIONS TO THE THREE-THROW 
CRANKSHAFT 


35 In the case of the three-throw crankshaft, 


Y2= Ya= 7 = 120°, sin y = 3-3, cos y = — 3, cot y= BLE, 
V3 

Since the shaft is assumed to be simply supported, the bending 
moments at the terminal cross-sections are equal to zero, i.e., 


M4, = My= M4,= M,= 0 
36 General Formula for Three-Throw Shaft. Under the assump- 


tions of the preceding paragraph Equations [30] for the two 
intermediate supports become 
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(a4 + Br)M'2 — 301 — Bi)M*2 — 3(a2+ Br)M's + aM 's 
BS Tis HT SS, + Sani meee + Quts) 
aM, — (Say + €Bi)M'2+ ($B: — 4 a2)M's + 302M" 
= iT 2s + VP + Qitz — (Poti + Qote)] — fuiS2 
— Bie + (a+ BM — Har—B)My=-Ts—3rs [2 
— Sw. + 383r1 — aA + Qste) 
— 2M": + Za2M', + M's — Gort $6:)M's 


3 
= iT3s + we + Qete — $(Pati + Qate)] — 2831 


37 Crankshaft Subject to Twist by the Couples “‘T”’ Acting at the 
Ends. Equations [32], written for the two intermediate supports, 
then reduce to: 

(a1+B1) M 2-43 (a1—B1) M2—4(a2+B2)M'3+02.M", = —3Ts | 

0M 'y— (Z0n+$81)M et ($8 2—Fa2)M'3+302M"3 = 37's 

— B2Mr2+ (01+ Bi)M'3— (01 — Bi) M3 = — $78 
— a2M*,+ 302M", + aM'3— Gort-30:)M'3 = 37s 

38 As a numerical example the three-throw crankshaft of a 
900-hp. Diesel engine will be considered, all dimensions of which 
are given in Par. 25. From these and Equations [3], [6], [9], 
[10], [14], [18], and [19] it is found that 


[33] 


= 2e+f, < os haw Pee ts 2e+f 
a = 0.851 B,? a2 = 0.478 B, S = (0 2eY B 
2 2 
p= 0.864 +! B. = 0.381 cag RET cen a [34] 
B, By, B, 
2 2 
v2 = 0.640 PAINS eg 559 gigs ot OE | 
B, B, By, 


Applying these figures to the case discussed in Par. 37, represented 
by Equations [33], 

1.715M?, + 0.0065M*, — 0.429M'; + 0.478M*; = — 0.348T 

0.851M'+, — 1.712M".+ 0.1663M';4-0.239M"3= 0.1747 

— 0.381M",+ 1.715M?; + 0.0065M*"; = — 0.348T 

— 0.478M', + 0.239M.+ 0.851M'; -—1.712M",= 0.174T 


from which 
M4,= —0.210T; M.= —0.260T; M',= —0.2607; Mr3= —0.205T 
39 The angle of twist for any crank is now easily obtained, 
Equation [12] gives the twist if there is no constraint, namely, 
6 = Tw 
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The diminishing of this angle, due to the effects of the bending 
moments M, is calculated from Equation [15a]: 


For the first throw, 
§’ = —0.210Ts 


a~Plare of the Throw. 


Scale: 7; 
(ee ——— med = 25 x10 Ib-in. 


b~Plane Perpendicular to Plane of Throw. 
Fie. 13 
For the second throw, 
Pie pe oe (0.260 + 0.260) 7's 


For the third throw, 
6") = — 0.2057 
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The decrease of reduced length, due to the constraint, is: 


For the first throw, 


So _ 0.2108 
HEAD 


= 0.0305, i.e., about 3 per cent. 


For the second throw, 


50 _ 0.520s 
6 Ow 


= 0.0775, i.e., about 7.8 per cent. 


For the third throw, 


5") __ 0.205s 
== 


= 0.0301, i.e., about 3 per cent. 


Fic. 14 


40 In this manner the question of reduced length of the shaft 
considered is solved. It is seen that the effect of the constraint 
on the reduced length of the first and third throws is small. For 
the middle throw this effect is about half of that calculated in 
Par. 25 on the assumption that the throw is clamped at the middle 
of the journals. Similar results may be expected for any three- 
throw crankshaft with y2 = yz = 120 deg. 

41 The bending and twisting of the same crankshaft due to 
the forces P, Q, and S acting on the crankpins may now be con- 
sidered. The forces P and S are obtainable from the gas pressure 
and inertia force diagrams. Examining first the case given in 
Fig. 12, where the maximum force acts on the first throw, the 
values of the forces considered are as follows: 
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Angle 
eae of crank, 1 S Q 
deg. 
1 20 — 65,000 lb. 29,400 lb. 7,700 lb. 
2 140 — 9,400 lb. — 5,830 lb. 7,700 lb. 
3 260 — 4,300 lb. 11,100 lb. 7,700 lb. 


Substituting in [32] the numerical values of [84] and the values 
of the forces given in the preceding table, 


bed PS /0*/b-/i7, 


HrerelS 


1.715M*, + 0.0065M", — 0.429M'*; + 0.478M'3; = — 399 x 10° lb-in. 
0.851M', — 1.712M*, + 0.1663M's + 0.239M°, = — 206 x 10? Ib-in. 

— 0.381M", + 1.715M'; + 0.0065M'3 = — 96x 10° lb-in. 
— 0.478M', + 0.239M', + 0.851M'; — 1.712M*; = 6.47 X 10° lb-in. 


from which 


M', = — 258 X 108 lb-in. Mr, = — 7.15 X 10° lb-in. 
M'; = — 54.5 X 10° lb-in. =Mr; = 40 x 108 lb-in. 


S. TIMOSHENKO 469 


These values substituted in Equations [28] give 


m's = — 140 X 10° lb-in. mr, = — 287 X 10° lb-in. 
m's3 = — 77.5 X 10° lb-in. m3 = — 86 X 10° lb-in. 


42 The diagrams of bending moment for the first crank, where 
the maximum bending moment is to be expected, are given in 
Fig. 13. The upper one gives the moments in the plane of the 
throw and the lower those in a plane perpendicular to the plane 
of the throw. The stress in any element of the throw may now 
be calculated in usual manner. 

43 Secondly, consider the case shown in Fig. 14, where the 
maximum force is acting on the second crank. The corresponding 
values of forces, obtained from gas pressure and inertia force 
diagrams, are as follows: 


Angle 
eee Sans P 8 Q 
deg. 
1 90 3,030 lb. ‘13,250 lb. 7,700 lb. 
2 210 —70,0001b. 30,600 Ib. 7,700 Ib. 
3 330 ~ 8,100 lb. —5,970 1b. 7,700 lb. 


Proceeding now as in Par. 41, Equations [82] give 


M', = 101.5 X 10° lb-in. Mr, = — 68.5 X 10° lb-in. 
M’'; = — 218 X 10? lb-in. 9 M7"; = — 23.8 X 10° lb-in. 


which values, substituted in Equations [28], give 


m', = 137 X 10° lb-in. mr, = 157 X 10° lb-in. 
m's = — 98.3 x 10° lb-in. m3 = — 238 x 10° lb-in. 


44 The greatest stresses are now to be expected in the second 
throw. The diagrams of bending moments for this throw are 
given-in Fig. 15, from which the corresponding stresses can be 
calculated in the usual manner. 


DISCUSSION 


R. Exsercian. So far as the writer knows, this paper is the 
first complete solution of the multiple-throw crankshaft problem, 
though a partial solution has been made by Bach in his Die Mas- 
chinen-Elemente. In other works on design various very rough 
approximations have been made. The equations established in 
this paper, as well as the method of analysis, serve as a rational 
basis for the more approximate design formulas that would be 
used in practice. In establishing the equations of flexural rotation 
at the ends for any crank-throw panel the analytical work has been 
greatly simplified by the bending-moment-loading diagrams. These 


M 
represent the distribution of i; a and are of the exact form 
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of those so frequently used for the simple beam fixed at the ends, 
the problem of three moments, etc. 

It is necessary to point out the limitations of the equations in 
their practical application. ‘The author assumes a crankpin 
diameter the same as the shaft. While the necessary modification 
for different diameters can be taken care of, its introduction may 
not be advisable, because of increased complexity in the equations. 
Level supports are assumed for the bearings, but in the continuous 
beam theory a small subsidence in one of the supports may cause 
large changes in bending moments and in their distribution. Hence 
it may be necessary in practice to introduce maximum assumed 
vertical displacements at the bearings. While this will complicate 
the equations, it is desirable, since with all the supports assumed 
level the bending moments will be too low, while the present 
equations, with one bearing assumed out of line in a multiple- 
bearing crankshaft, will give bending moments that are too high. 
It is probable, however, that the flexibility of the webs will permit 
a small subsidence of one bearing without causing much change in 
the values given by the present equations. Finally, the equations 
are applicable only to vertical rectangular webs. 

The present method for the computation of multiple-throw 
crankshafts is usually based on a two-bearing crankshaft for a 
single throw simply supported at the bearings. The effect of 
torsion of the forward cranks is either added as a pure torsion 
moment, or as causing equal and opposite shearing reactions at 
the crankpin, the corresponding bearing reactions causing addi- 
tional bending in the shaft. The reactions due to torsion for either 
half of the crank form a couple in a longitudinal plane at right 
angles to the crank, and this implies a moment constraint at the 
bearings. If this constraint exists, the bearing cannot consistently 
be considered as offering no bending restraint for the rod thrust 
loading. Thus even a consistent approximate formula must be 
based on the lines of this paper. 
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THE SOLID-INJECTION OIL ENGINE 


By H. F, Suepxmrp,! SprinGrIELD, OnI0 
Non-Member 


The development of the solid-injection oil engine during the past three 
years has engaged the attention of many designers. Unfortunately, 
most of the information gained by experiments has been withheld from 
publication and the net result has been a duplication of laboratory and 
test-floor effort. The author has undertaken to present the most pertinent 
facts on the development of the engine from the former hot-surface wnit 
and points out the influence of combustion-chamber design, spray angle 
and velocity, atomization, detonation, and other problems confronting the 
oil-engine designer. 


ae development of the principles of solid injection has required 

a far longer period of time than did the development of the 
full-Diesel engine with air injection. It is safe to assume, how- 
ever, that equal technical ability was brought to bear on both 
types, for Dr. Diesel first concerned himself with solid injection 
and abandoned it for what he considered good reasons. Rundlof 
first employed solid injection, then a compromise system using 
moderate air pressure, and later returned to solid injection. Jacob 
Gunther used air injection and finally developed a notably suc- 
cessful ‘system of solid injection, while Hesselman, an international 
figure in Diesel-engine design, has lately produced an outstanding 
solid-injection model. 

2 From these events it may be inferred that the design of 
the solid-injection engine has presented some difficult problems. 
Undeniably it has, but it is most pleasant to testify that progress 
has resulted in simplification of theories and practice. The mod- 
ern solid-injection engine is as much a ‘‘rational heat motor’ as 
the modern Diesel engine. 

3 Rationalization of solid-injection-engine design has had to 
await the oil-engine man’s education concerning the properties of 
petroleum, especially its behavior when subjected to heat, an in- 
fluence less prominent when air injection is used. The experi- 


1 Consulting Engineer, Foos Gas Engine Co. 


Contributed by Gas-Power Division and presented at the Annual Meet- 
ing, New York, December 3 to 6, 1923, of Tur American Soctmty oF 
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menter had still further to extend his investigations into the 
hydraulic problems introduced by the injection system itself, and 
to extend his tests and observations in thermodynamics beyond 
that more familiar section dealing only with heat and work into a 
thorough study of conductivities, as will appear. 


HISTORICAL 


4 Herbert Akroyd Stuart proposed a solid-injection engine 
prior to Dr. Diesel’s first experiments. His British patent No. 
7146, dated May 8, 1890, describes 


. . . means for preventing the premature or pre-ignition of an explosive 
charge of combustible vapor of gas and air when a permanent igniter (such 
as a continuous spark or a highly heated igniting chamber) is in communi- 
cation with the interior of the cylinder, by first of all compressing the 
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Figs. 1 anp 2 Patent Drawines or Hornspy-AKROYD ENGINE 


necessary quantity of air for the charge and then introducing into this 
quantity of compressed air the necessary supply of combustible liquid, 
vapor or gas to produce the explosive mixture. 


5 Unfortunately this engine was never known to commerce 
and Akroyd Stuart turned to a principle more in keeping with the 
low-pressure practice of that day. In British patent No. 15,994 
A.D. 1890, he describes what we know as the Hornsby-Akroyd 
engine, which for some years, despite all its faults, was the best 
hot-surface engine available. In this latter patent specification 
he states: 


When liquid hydrocarbon is employed the injections may be so timed 
as to occur at the beginning or at any portion of the suction stroke or 
during the compression stroke. We prefer, however, to give sufficient time 
for complete vaporization in order to obtain the maximum economy of 
combustible liquid, and this can be accomplished by injecting the hydro- 
carbon during the suction stroke when the combustible liquid after coming 
into contact with the hot walls of the explosion chamber vaporizes very 
completely and occupies the combustion space. 


H. F. SHEPHERD 473 


6 The scheme of this engine is presented in Figs. 1 and 2 by 
means of the original patent drawings. Oil entered the hot cham- 
ber c through the spray f. The injection pump was driven by the 
downward stroke of the inlet-valve lever so that injection occurred 


during the first half of the admission stroke. The description 
proceeds: 


No mixing sufficient to cause an explosion will take place owing to the 
contracted area of the communicating passage until, on the return or com- 
pression stroke . . . sufficient air is forced . . . into the explosion cham- 
ber to produce a mixture capable of explosion. The cubical contents of 
the engine cylinder and the explosion chamber are so proportioned that 
the mixture in the explosion chamber during compression is rendered 
explosive in time to secure the ignition at or near the end of the compression 
stroke. 


7 In a measure the engine accomplished its object. It was a 
vast improvement over the external-vaporizer models of the day. 
At full load it gave a very creditable Otto-cycle card as shown in 
Fig. 3, but at lighter loads with smaller charges the relations were 
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destroyed; the explosive mixture was produced earlier and cards 
such as shown by the broken lines resulted. The isolation of the 
combustion chamber, serving to localize the carbon produced by 
excessive heat and prolonged ‘“‘cooking”’ of the oil, was, in that 
day, a real virtue. Attempts made to rationalize the proportions 
of this engine, were, as far as the author knows, unsuccessful. 

8 About 1913 Louis Doelling experimented along this line. 
He had an advanced knowledge of sprays, a better understanding 
of the requirements of the fuel pump, and possibly a full faith in 
the possibilities of the original Akroyd Stuart idea of injection at 
firing time. He reduced the clearance J, F ig. 1, by successive stages. 
Improvement resulted with each reduction. To eliminate the 
valve-pocket clearance h, the engine, Fig. 4, was designed with in- 
jection timed to the moment of firing, resulting in a new and greatly 
improved commercial engine, the De La Vergne D.H. Figs. 5 and 
6 are full-load and quarter-load diagrams. In the course of further 
development the spray angle was gradually elevated with notable 
improvement, greatest economy resulting when the spray was 
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directed to meet the. air entering the neck rather than when 
striking the hot surface directly in the old mode. The form of 
the hot surface was then altered as shown in Fig. 7. 

9 Out of this, by the happy combination of two such slopes as 
shown in Fig. 4 and two such sprays, came the Price engine, Fig. 8. 
The convention date on the patent issued to the late Wm. Tudor 
Price is Dec. 10, 1917. 

10 The dates succeeding the original Akroyd Stuart patents 
are not cited to show priority. Rundlof obtained rational working 
in the Bollinder engine before the appearance of the D. H. engine. 


Fig. 4 Tuer Doriuinc ENGINE 


The author had accomplished like results in the Bessemer engine 
in 1913, but this particular succession reveals progressive develop- 
ment from the primitive to what may be a final development. 

11 Knowledge of oil-engine working was probably delayed by 
the contemporary theories of the actions within the Hornsby- 
Akroyd engine. Most of us firmly believed in the necessity of an 
unscavenged vaporizing chamber and in the significance of the rela- 
tive clearance inside and outside of the chamber, and had ideas on 
the action of the contracted passage dividing the combustion 
chamber into two parts. 

12 The Doelling-Hornsby engine clearly showed improvement 
with its single-scavenged combustion cavity. The improved 
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Doelling-Hornsby engine demonstrated the secondary importance 
of the hot surface, and the Price engine, obviating the hot surface 


Fie. 5 Funu-Loap 
DIAGRAM OF DORLLING 
’ ENGINE 


Fig. 6 QuarTER-LOAD 
D1aGRAM OF DOELLING 
ENGINE 


Fig. 7 Dortiina Eneine with Form or Hor Surrack ALTERED 


entirely, demonstrated that the air charge itself when compressed 
to the proper degree may perform the vaporizing function. 

13 In January, 1894, Dr. Diesel had established the possibility 
of spontaneous ignition by injecting fuel into an atmosphere heated 
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by compression, and began experiments on the method of intro- 
ducing fuel. A free translation from his book, Die Entstehung des 
Diesel-motors, shows his impressions seemed to be: 


Next, injection by means of the fuel pump direct, only an automatic 
valve in the nozzle, over the seat surface of which a conical distribution and 
atomization of the fuel shall take place. The operation is entirely unre- 
liable. The degree of atomization observed under various pressures: at 


A—Suction Stroke 


Intake Valve Closed 
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Exhaust Valve Closed 


B—Compression Stroke 


C—Injection 


Fig. 8 WorkING CYCLE oF PRICE ENGINE 


(See continuation on p. 477) 


high pressure good; at low pressure uninterrupted jets without the least 
atomization. 

Further experiments, injecting direct with the pump and simultaneous 
opening of the mechanically operated spray-valve needle. The pump 
plunger and spray-valve needle are linked together and operated by the 
same cam. Injection very precise. 

Next the pump was set aside and it was sought to accomplish injection 
by mechanical operation of the needle, the fuel pipe being kept under con- 
stant pressure. After these trials in the open air followed tests in operation 
with direct injection out of the fuel pressure pipe; ignition excellent. Ex- 
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haust gases burning sfill as they leave the cylinder, the spray valve is most 
unreliable, injection uncontrollable, the system must be abandoned. 


14 Dr. Diesel’s next step was to apply air injection with as- 
tounding and lasting success. Figs. 9 and 10 show the fuel pump, 
the various sprays, and the combustion chamber used in the ex- 
periments. The air chamber and check for the storage of injection 
air from the main cylinder were not part of his solid-injection ap- 
paratus. 

15 Fifteen years later James McKechnie (Vickers & Maxim) 
undertook exactly the same series of experiments. As the result 


Intake Valve Closed 


SSSA SS ———— 
SH — aN \ 
qs Ny r 


Exhaust Valve Closed 


E—Exhaust Stroke 


Fic. 8 (Continued) 


of McKechnie’s work and that of others, each of Diesel’s solid- 
injection proposals is in commercial use. Two problems were en- 
countered, viz., a delicate hydraulic and kinematic problem in 
handling small charges of oil at a rapid rate, and the design of a 
piston which would also serve as a vaporizer. McKechnie’s earlier 
timed pump, accumulator (A), combustion chamber, and spray are 
shown schematically in Fig. 11. The later ‘‘common rail” system 
with a pump M and a pressure main P serving mechanically 
operated sprays g, shown schematically in Fig. 12, is the basis of 
the Vickers, Atlas Imperial, and Enterprise engines. 

16 At first the production of injection air was considered a 
handicap and an airless system a desirable attainment. Among 
those seeking to avoid the use of a compressor Friedrich August 
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Haselwander came into prominence in Germany about 1901. 
He finally formulated the following claim: 


In an internal-combustion engine the use of a division wall or recess or 
the like adapted to co-act with the piston in such a way that shortly before 
the end of the stroke the space in front of the piston is divided into two 
parts in which the air or gas is compressed at different rates as the piston 
advances, while arrangements are provided whereby the escape of air or 
gas at higher pressure into the chamber containing air or gas at lower 
pressure is utilized to inject and mix the combustible with the air. 
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Fies. 9 anp 10 Furn Pump, Various SPRAYS, AND COMBUSTION 
CHAMBER USED IN DIESEL’S EXPERIMENTS 


17 One such application is shown in Fig. 13. Oil is fed in at 
p* to meet the air streams. Even in its final form the principle was 
not effective but it held the imagination of many men. 

18 In 1915 Jacob Gunther (Deutz-Otto) proposed the ar- 
rangement shown in Fig. 14, the oil entering at g. In 1916 he 
proposed that of Fig. 15, which was distinguished by both the 
point of injection and the conical neck and displacer. In his 
commercial engine shown in Fig. 16 the air jet is concentrated to 
oppose further advance of the spray. This was a highly efficient 
and satisfactory motor. 

19 This incomplete historical sketch shows that oil-engine de- 
velopment, after the first basic proposals, was in reality not so 


H. F. SHEPHERD 479 


much a problem in invention as a labor of acquisition of facts and 
figures necessary to determine the proper proportions and arrange- 
ment of the devices originally suggested. It is now in order to 
sum up the individual problems. 


CRACKING 


20 Cracking was known to refiners as early as i861 and used 
as a process soon after. The engine trade began to give it intelli- 
gent and practical consideration, in 1903, when William John 
Crossley and Wilfred Le Plastrier Webb in a patent application 
covering the use of water injection in their particular mode, stated 
that “any liquid or vaporized hydrocarbons which come into 
contact with the overheated parts of the vaporizer are thereby 
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Fie. 11 McKecunire’s ExPrrRiMENTAL ENGINE 


decomposed or partly decomposed, forming carbon or tarry de- 
posits.” Water injection was then used to limit the vaporizer 
temperature. : 

21 In early engines the hot surfaces were invariably too hot, 
but by the use of water injection at different rates and economy 
tests it was learned that best results were attained at vaporizer 
temperatures below red heat. The author’s final investigations 
were made on the cylinder head, Fig. 17, which proved to be a 
valuable laboratory device. Its principle is the control of the 
hot-surface temperature by the vaporization of a liquid (mercury) 
in contact with that surface. Excess heat is dissipated by the rise 
of mercury vapor to the condenser on top of the pot, the con- 
densate returning to the well by gravity. By varying the pressure 
of air above the mercury, the boiling point of the liquid could be 
altered at will, and with it the temperature of the vaporizing sur- 
face. A thermoelement was staked into the bottom of the pot and 
led out to a pyrometer. Fuel economy and other characteristics 
were plotted against the hot-surface temperature. For a broad 
range of fuels the optimum temperature was very close to 850 deg. 
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fahr. Above this the decline of desirable characteristics was 
rapid. Little change took place between 680 and 850 deg. fahr. 

22 From these results valuable factors were deduced. On 
the assumption that an overheated air charge due to excessive 
compression or incomplete scavenging would crack the fuel, the 
same as excessive vaporizer temperatures, limiting values for 
compression for various types of engines were estimated and 
successfully applied.? 


CONDUCTIVITIES 


23 In December, 1915, Mr. Louis Ilmer contributed a paper 
on oil-engine-vaporizer proportions.2 This paper marked the 


Fie. 12 Common-Rarit System SerRvine as Basis or VICKERS, 
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passing of the Hornsby-Akroyd engine, but the section dealing 
with conductivities and the paths of heat flow remains most valu- 
able in determining the hot walls of a combustion chamber within 
the temperature requirements. Thus, Par. 7 of this paper states: 


The total temperature drop from the center to the edge of a thin disk 
(vaporizer) will equal the average drop per unit length multiplied by the 
disk radius, r, that is, for the disk 


6 = A, — % 


1 Power, vol. 57, p. 214. * Trans. A.S.M.E., vol. 37, p. 845. 
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where 
4 = temperature of disk at edge, deg. fahr. 
6, = temperature of disk at center, deg. fahr. 
= 6, — % = temperature drop 
specific thermal conductivity 
uniformly distributed gross heat input in B.t.u. per hr. per sq. 
in. of area 
= thickness of disk. 
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The external hot surface is now passé, but the piston head is a 
similar influence even in modern engines if the spray is directed 
against it, and must be treated in the same way. 

24 The actual value of H is quite difficult to determine, but it 
is always the same for the full-load condition of any given type of 
engine. K is fixed for any given material, @ is fixed by practical 
imits. As regards the variables r and S, it is the author’s custom 


Fig. 138 HaseELWANDER’S DivisIon WALL oR ReEckEss. OIL 18 
Frep at p? To Mrer THE AIR STREAMS 


to fix S for one size by experiment and to vary it for the other ~ 
sizes in the series according to r?, thus solving the problem. 

25 The Bristol Company made the author a contact thermo- 
couple for use in this work. The engine is operated at full load . 
until the exhaust temperature rises to a constant and fixed value 
signifying stable wall action. Preparation is made for a quick 
stop with the aid of the brake. A spray or valve is drawn in some 
fixed time, say, 30 sec., and the couple thrust against the piston 
surface. If the piston shows over 800 deg. fahr. it should be thick- 
ened. This applies to full-load operation. If the piston is too cold 
at light loads, some of the known means of compensation must 
be applied to increase the charge heat. 

26 Realizing the importance of the piston-head temperature 
when the spray strikes it, the Ljusne Woxana Aktiebolaget actually 
fixed a thermocouple in the piston of a crosshead engine for piston- 
temperature readings in experimental operation. 

27 A German patent (Paul H. Miiller, No. 341,086, Sept. 11, 
1920) describes an inspection opening created by the movement of 
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the inlet valve while the engine is in operation, which is especially 
adapted to the observation of the piston when it serves as a hot 
surface. See Fig. 18. 

28 When the piston of a solid-injection engine serves as the 
vaporizer yet reaches such a size that cooling is required, a new 
application of the principles of conductivity is made. Since it is 
not feasible to spray against or along a jacketed piston wall any 


CR HH 


N 


RSs 


——— 


Gy SSS 


Z 


Fig. 15 GuNTHER’s ENGINE As IMPROVED 


more than against a jacketed cylinder head, a long path is provided 
for the heat flow from the piston-head surface to the piston jacket. 
Keller’s scheme (Doxford) is shown in Fig. 19 and Regenbogen’s 
(Krupp) in Fig. 20. Similar devices are found in true Diesel 
engines today. 


DETONATION 


29 The solid-injection engine working at its best is never a 
Diesel-cycle engine but is a mixed-cycle engine. The explosion 
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phase of the cycle serves to convey, disseminate, and intermix the 
clouds of vapor through the air. 

30 Explosion is certainly a wave phenomenon, if not in the 
forced movement at least in the free movement before the restora- 
tion of equilibrium. The wave often shown on the indicator card 
is not a record of pressure, for if two or three springs are used in 
succession, waves of as many periods are recorded, and all agree 
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Fic. 16 GuNTHER’s ENGINE AS FINALLY BUILT 


((a) Position of piston before air is partly trapped in ring-shaped space A. (b) Position 
of piston at start of air trapping. (c) Fuel injection at dead center in the air whorls.) 
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Fic. 17 ExprrimentaAL Heap Usep By AUTHOR 


_ (In this head the hot-surface temperature is controlled by vaporization of a liquid in 
contact with the hot surface.) 


with the natural period of the indicator motion for the spring in 
use. 

31 The sound without the cylinder is certainly not transmitted 
from air waves within as there is no continuous medium. Various 
forms of cylinder heads give out various notes. Upon the sudden 
rise of pressure within, deflection takes place and then the walls 
vibrate until they come to rest. The piston has its own note, as 


484 THE SOLID-INJECTION OIL ENGINE 


also has the crankshaft. Low-pressure engines with very heavy 
reciprocating parts, crossheads, etc., may be in a state approach- 
ing balance between inertia and compression, and the slack and 
the oil film may take up violently. High-compression engines 
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Fie. 18 Inspection Oprntina Devisep By P. H. MULLER 


(An opening d is provided in the inlet pipe c or the inlet-valve housing, through which 
the piston may be observed when the valv2 a is open.) 
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Fie. 20 REGENBOGEN’s SCHEME 
Fic.19 Ketunr’s ScHEMEFORCooL- FoR CooLine Piston SERVING AS 
ING PIsTON SERVING AS VAPORIZER VAPORIZER 


with reasonably light reciprocating parts may be as quiet as gas 
engines and still give mixed-cycle indicator diagrams. 

- 82 Not only does the explosion appear to be necessary, but 
the designer must consider the effect of the explosion upon the 
dissemination of vapor. If, in reacting to explosion, the vapor is 
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forced into contact with cold walls without travel through the air 
charge, the results will be bad. The vapor cloud may be arrested 
centrally with some admixture of air and driven radially by the 
explosion to good advantage. The vapor cloud may be a cone 


Fie. 21 Riaut-ANGLE DIAGRAM FROM AN ENGINE BASED ON THE 
CROSSLEY PRINCIPLE 


ee 


Fie. 22 Inpicator D1aGRAM FROM A COMBUSTION CHAMBER LIKE 
THAT SHOWN IN Fria. 11 
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Fia. 23 Diagram ror Moprern Hicu-Pressure Furt Pump 
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with just enough air in its center to propel it outward through the 
air by a central explosion with excellent results. 

33 Solid-injection engines today exhibit diagrams of most 
desirable characteristics. Fig. 21 is a right-angle diagram from 
an engine based on the Crossley principle. The pressure rise is by 
no means violent, yet it is smokeless. Fig. 22 is from a combustion 
chamber like that shown in Fig. 11 but with an automatic spray. 


HYDRAULICS 


34 The earliest fuel pump had every element of present-day 
systems. The multiple-orifice spray was used in the early Hornsby- 
Akroyd engine. The fuel bypass also was employed as a govern- 
ing means. Yet these systems delivered fuel over a far longer 
interval than would be apparent from their mechanical timing. 

35 The primitive diagram from a low-pressure pump handling a 
practically incompressible liquid is a rectangle. At present-day 

_ pressures of upward of 4000 Ib. the 


elasticity of oil (about 0.00007 of the 
hy original volume per atmosphere) be- 
comes a serious factor. The rise to 


pressure slopes, as also does the fall 
(Fig. 23). With an open spray an 
abrupt cam is necessary. With a 
Fic. 24 Spray-Pipz DiacramM = spring-loaded spray the rise to lift 

pressure may be as gentle as desired. 

36 If a suitably proportioned bypass is used, the release of 
pressure is rapid enough. If a variable-stroke pump is used without 
a bypass, the release of spray pressure through the open spray is 
subject to laws similar to those governing the emptying of a vessel 
through an orifice, the quantity of fuel discharged after cessation 
of pump travel being equal to the compression of the oil. The 
time of emptying in this case may exceed the time of an engine 
cycle. With a spring-loaded spray, cessation of discharge follows 
the law of discharge from a standpipe between levels, i.e., a very 
high and attenuated standpipe. The spring-loaded automatic 
spray may be designed by proper selection of seat areas for a 
known ‘“‘blowdown,”’ say, 500 lb., and will thus close promptly 
and with very little discharge after cessation of pump movement. 
See the spray-pipe diagram, Fig. 24. 

37 Today it is customary to calculate the clearance in pump 
and delivery tube and spray, when the delivery due to elastic 
discharge at a known “blowdown”’ can be determined. This must 
always be less than the friction-load charge or a peculiar action 
will be set up. Two or more pump deliveries are then required to 
raise the pressure enough to lift the spray, after which the spray 
discharges the compressed volume and the operation is repeated. 
Such action, not uncommon, is avoided by proper consideration of 
the volume of oil acted upon relative to the required charge. 
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38 The hydraulic indicator is invaluable in investigating fuel- 
pump and spray phenomena. The indicator-piston displacement 
must be very small to avoid errors in deduction. 


ATOMIZATION 


39 In the solid-injection engine there is no means of producing 
an oil fog of such perfection as is produced by air injection. The 
minute drops of oil are not carried in on an energized vehicle, but 
must by virtue of their own mass and velocity carry from the nozzle 
to the desired location. In spray action, delivery accurate as to 
time, duration, and velocity is more important than atomization. 


Fic. 25 PuHoroGcraPH oF NEEDLE MovEMENT (MULTIPLIED) IN A 
Mopern Hicu-PressurE AUTOMATIC SPRAY VALVE 


Fig. 25 is a photographed record of the needle movement (much 
multiplied) in a modern high-pressure automatic spray valve. 
For promptness of action it leaves nothing to be desired. 


PENETRATION 


40 The preliminary development of sprays is usually carried 
out at the test bench with a power-driven pump. Here the pene- 
tration or carrying range of the spray is often a matter of feet 
rather than inches. This is particularly true of the multiple drilled- 
orifice sprays. The sprays with a single orifice and a spiral whorl 
to impart a rotary motion to the issuing jet, may be arranged to 
deliver a variety of profiles depending on the degree of rotary 
motion imparted by the tangent passages in the whorl and the 
diameter and length of orifice. This type of spray applies well to 
combustion chambers in which there is no hot surface, such as a 
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hot plate or piston head, to halt the travel of the fuel. The centrif- 
ugal action may be made to absorb most of the energy of intro- 
duction. Its cone of distribution is too narrow for Diesel-type 
combustion chambers in which multiple-orifice sprays are generally 
used. 

41 There is much argument as to whether the jets from high- 
pressure multiple-orifice sprays actually penetrate the dense at- 


Fic. 26 Mopprn Spray Discuarcinc AGAINST A Piston Hpap 
Hewtp ARTIFICIALLY AT WorRKING HEAT 


mosphere of the combustion space and reach the opposite wall. 
If the sprays are operated under water, a medium far more dense 
and viscous, it will be found usually that they are capable of pene- 
tration in that element exceeding the travel in the combustion 
space. The author has caused the spray from a 0.012-in. orifice 
at 4000 lb. pressure to impinge upon the piston of a Hopkinson 
indicator at a distance of 3 in. and found 89 per cent of its energy 
recorded on the instrument. It is therefore almost true to Tor- 
ricelli’s law at short range. Apparently it is still necessary to look 
to vaporization for success in solid-injection engines rather than 
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to atomization, which for drilled sprays seems to be largely a 
surface effect. 

42 Analysis of a number of recorded cases and of the author’s 
own careful experiments on two high-pressure types seems to show 
that when the common arrange- 
ment of five spray holes is used in 
the tip, their diameter may be 
best determined by assuming a 
time of injection of, say, 0.01 sec. 
for moderate-speed engines and 
calculating the holes by the law 
V = V2gh, to which a suitable 
orifice coefficient is applied. Any 
attempt to atomize better by 
using smaller holes at any given SOY 
pressure must only result in 
unduly extending the time of 
injection. 


Fic. 27 Crosstey-Tyepr Com- 
BUSTION CHAMBER 


VAPORIZATION 


43 It is the author’s firm impression, checked by searching 
tests of no less than a dozen distinct and individual combustion- 
chamber arrangements, that creating proper conditions for vapori- 
zation is one of the main functions of a solid-injection system. 
Fig. 26, from a photograph taken during the conduct of an extensive 
search into the properties of sprays at the shops of the Foos Gas 
Engine Company, shows a modern spray discharging against a 
piston head held artificially at working heat. The hot air charge 
has much the same effect on the spray. Diffusion of these vapor 
clouds could not take place in the time of a combustion interval, 
so dependence is placed upon explosion to do the mixing. 

44 Any one who has ever distilled petroleum in an Engler flask 
knows that even the compression and hot-surface temperatures 
will not fully vaporize most fuels. At any rate, to attempt to do so 
would result in cracking. The shattering effect of the explosion 
phase of the cycle undoubtedly atomizes the residues. 

45 The terrific velocity of the jets acting in Fig. 11 results in 
vaporization far superior to that of the primitive hot-surface 
engine. The spray strikes at an angle of incidence which results 
in a scouring action, in imparting velocity to the vapor, and in a 
high rate of heat transfer to the fuel. 


IGNITION 


46 The combustion-chamber air or wall conditions must be 
maintained such that inflammation does not take place instantly 
upon injection. This momentary delay is aided by the incom- 
plete state of compression at the beginning of injection and by the 
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latent heat of vaporization of the fuel. If inflammation of the 
minute drops were to occur before vaporization, the smoky flame 
of a body of oil burning upon the surface would result. 


TURBULENCE 


47 Much inventive ability has been expended to produce arti- 
ficial turbulence in the. solid-injection engine. Engines of the 
Vickers type develop essentially the same economies as those 
fitted with displacers on the piston, etc. Differentiating the dis- 
placement of air through the neck between the cylinder and com- 
bustion space proper generally shows very low velocities. Even 
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Direction of Oil Spray 
Fig. 28 ComBusTION CHAMBER OF HESSELMAN ENGINE 


when the displacer is used as in the Crossley engine and the Gun- 
ther or Deutz-Otto type, the differential of pressure is low. In 
the engine in Fig. 15 it indicated only 10 and 12 lb. It is safe to 
say that in Vickers-type combustion chambers (Fig. 11) artificial 
air turbulence in excess of that created naturally by induction has 
shown no improvement. In the Crossley type (Fig. 27) the an- 
nular air jet prevents the spray from reaching the cold walls and 
confines and returns the vapors to the core of the charge prior to 
explosion. In the Deutz-Otto type (Fig. 16) it checks overtravel 
of spray to the hot displacer. In both of these latter it serves to 
bring up fresh supplies of hot air for the vaporization of fuel. 

48 The Hesselman case (Fig. 28) appears to be distinct, though 
opportunity has not yet been afforded to check it experimentally. 
Professor Hesselman reports marked improvement by the use of 
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artificial means of creating turbulence, but the ultimate economy 
is not essentially better than in other engines of the same compres- 
sion and spray pressure. It will be noted that the spray is directed 
to the circumference of the combustion chamber. Undoubtedly 
the explosion phase of the cycle is then not so efficient in scattering 
the vapors as it would be if the charge were more central and 
adapted to radial and outward dissemination through the un- 
saturated air by explosion. In this case rotary turbulence is 
undoubtedly of value. 

49 When no hot surface is present, progressive movement of 
the heated air in the path of the spray is very important. The 
specific heat of air is low and the mass of the air charge is small. 
If the spray is merely suspended, conduction is slow. For proper 
vaporization, then, the air should be kept moving. There is little 
such movement in Fig. 11, where it is not required. In Fig. 8 the 
volume of air outside of the combustion chamber at the beginning 
of injection approximately equals that inside. By displacement, 
the outer volume is moved up, bringing new supplies of heat. 


CONCLUSION 


50 The development of the solid-injection engine has suffered 
much by reason of the transmission of honestly proposed but 
fallacious theories of working. It has suffered, too, by a persistent 
desire to produce in an essentially individual type the character- 
istics of the air-injection Diesel. However, no single step in the 
development is without its contribution to the real theory of its 
working, and at this hour it would seem that the ultimate types 
have emerged from a seeming chaos of ideas to stand the test of 
time and progress. 

51 Particular thanks are due Mr. 8. F. Whitesel for his con- 
scientious and painstaking assistance in the development of the 
evidences of spray action recorded in this paper, as well as for his 


photography. 


DISCUSSION 


P. H. Scuweirzer.! The author has well expressed the pres- 
ent views and principles of solid-injection engine design. Prog- 
ress has been very distinct in the last decade. The success of a 
solid-injection engine depends upon so many variables that one 
cannot but wonder that the pioneer experimenters attributed the 
failure of certain types to the failure of the principles involved 
rather than to some minor circumstances that were the real cause 
of failure. : 

Usually the historical development of a machine is selective. 


1Agst. Prof. of Engineering Research, State College, Pa. 
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From a large number of types one or two survive, the others being 
discarded as inefficient. On the other hand, the development of the 
solid-injection oil engine has been quite different. There are more 
types now than ever, which shows that the old ideas and restric- 
tions were wrong. But it should be clear that the dozen different 
types and principles cannot be equally good and efficient. One or 
two among them, based on superior principles, ultimately should: 
be the most successful. 

The theories and opinions concerning combustion are far from 
being uniform. The Price engine is built with two spray nozzles 
opposite each other on the sides of the cylinder, with the idea that 
the two sprays meet in the middle of the chamber, producing a good 
mixture and combustion. The engine is a success. Lately, the 
Falk engine with a 19-in. bore has been built on this principle, and 
the company emphasizes this action of breaking up the spray. 
The sprays have to travel 9} in. before meeting. Hesselman 
calculated that an oil spray under similar conditions in compressed 
air does not penetrate more than 3 in., irrespective of the initial 
oil pressure. He built a successful engine on this principle, making 
the air to rotate in order to deliver the necessary oxygen particles 
to every oil particle. The author, as a result of his experiments in 
air and water, is of the opinion that the spray is able to penetrate 
a few inches at any rate. The writer cannot agree with him on the 
assumption that water offers more resistance than compressed air 
to the spray. Positive knowledge regarding the behavior of oil 
spray in compressed air should be obtained. 

It is a fair assumption that atomization alone, if it is carried far 
enough, is sufficient to cause combustion. The true Diesel engine 
depends almost entirely on atomization. It has been observed that 
the preheating of the injection air caused detonation. In a solid- 
injection engine if the atomization is carried to this extent, using 
many small holes in the nozzle, the spray will not have the required . 
energy to penetrate deep enough to meet the necessary number of 
oxygen particles. With more than five holes, we have unfavorable 
results. For the same reason the use of spiral grooves should be 
discouraged. 

In the author’s opinion we should rely more upon vaporization. 
At the German Diesel convention in 1923 Alt expressed doubt con- 
cerning the part that vaporization plays in combustion. His 
argument is that some oils have an ignition temperature many 
hundred degrees higher than their boiling point. The ignition 
temperature of some other oils is equal to, or somewhat below, the 
boiling point. If vaporization is essential for combustion, we 
should expect better combustion with oils whose ignition tempera- 
ture is much above the boiling point, since the oil globules then 
have more opportunity to mix. No such result has been obtained. 
While Alt was dealing with the Diesel-type engine, the same reason- 
ing can be applied, to a certain extent, to the solid-injection engine. 

It is known that the ignition point is determined mainly by the 
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temperature and that compression has little effect upon it. Tizard 
advocated the theory that the ignition temperature is that at which 
the slow combustion of the fuel vapor with air evolves heat at a 
slightly greater rate than it is being dissipated by conduction. 
Hence ignition temperature depends on the rate of loss of heat and 
is different in turbulent air than in stagnant air. Experiments with 
and without fans show differences in ignition temperature up to 
120 deg. fahr. This checks with the observation that the ignition 
temperature in the engine is generally higher than that measured 
outside. 

Indicator diagrams of solid-injection engines show combustion of 
an explosive nature. The author considers this advantageous and 
essential for the dissemination of vapor. The writer believes that 
a flatter combustion line would be desirable provided it would not 
lead to after-burning. A better control of the fuel injection as to 
spray action and accurate delivery in quantity and timing might 
lead to this end. 

There may be some doubt regarding the author’s contention 
that an ordinary explosion is a wave phenomenon. The waves of 
indicator cards, as the author remarks, show different frequencies 
for different stiffnesses of springs. Cards taken from airplane 
engines, with refined methods, show rapid explosions but no waves. 
The indicators now in general use are not adapted to explosive 
engines, even for speeds not exceeding 500 r.p.m. 

It is difficult to agree with the author that the external hot-sur- 
face is now passé. A successful low-pressure engine recently de- 
veloped by the Venn-Severin Machine Company has an uncooled 
ring between the cylinder and head. The axial spray, which has 
an adjustable cone angle, strikes this external hot ring at starting, 
but after the engine becomes warm, the spray cone closes and no 
longer impinges upon the hot surface. 


P. P. Bourne. The section of the paper entitled Detonation is 
especially interesting as dealing with phenomena existing in en- 
gines described by the author as “mixed cycle.” It is generally 
understood that in this type of engine the pressure rises considerably 
during combustion, this rise being approximately equal to one-half 
the combustion pressure. Some of the better-known engines of 
this class are the Vickers, Crossley, Deutz, and engines built ac- 
cording to Price, such as the De La Vergne and Ingersoll-Rand. 
With such combustion the engine does not work upon the Diesel 
cycle, but the combustion more nearly corresponds to that of the 
explosive cycle. The high combustion pressure is taken care of in 
the design by providing parts with the necessary additional strength. 
However, this type of engine works under the disadvantage referred 
to by the author as a tendency to produce a detonation which 
imposes shock on the structure. It is undeniable that it is desirable 
to avoid this by obtaining a true Diesel cycle by solid injection. 

The writer agrees in general with the author’s statements con- 
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cerning detonation, but takes exception to the statement that the 
solid-injection engine, working at its best, is never a Diesel cycle 
engine, but a mixed-cycle one. One type of engine is built which 
works on a true Diesel cycle with solid injection. This engine uses 
what may be described as two-stage combustion, and the type in 
most common use in the United States is that developed and 
manufactured by the Worthington Pump & Machinery Corpora- 
tion. 
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Fia. 29 Cyntinppr-Hrap CoNnsTRuUCTION OF Two-StTaGE COMBUSTION 
Typr or ENGINE 


Spring ,|In=500 Lb. per Sq-In. 


Fig. 30 TypicaL INDICATOR CARD FROM Two-StTaGE ComBusTIon TyPp 
oFr ENGINE 


The construction, as shown in Fig. 29, indicates the combustion 
method. Direct pump injection is used at an oil pressure of not 
over 1000 lb. per sq. in. The fuel is injected into a precombustion 
chamber, where some of the oil is partially burned. The pressure _ 
rise in this chamber produces a pressure differential above the 
combustion pressure in the cylinder or combustion chamber proper 
which causes the flow of a charge of burning fuel and gas into ihe 
cylinder at a rate sufficiently slow to produce the same combustion 
conditions in the cylinder as would exist in an air-injection Diesel 
engine. Fig. 30 shows a characteristic indicator card taken from 
an engine of this general type. 
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The construction of the cylinder head is such that all parts of 
the combustion and precombustion chambers, as well as the 
sprayer, are thoroughly cooled. The piston may be cooled to any 
extent desired without interfering with perfect performance. The 
larger sizes are fitted with oil-cooled pistons which work well in 
spite of the difficulty described by the author in a statement that 
it is not feasible to spray against or along a jacketed piston wall any 
more than against a jacketed cylinder head, probably because 
the fuel in this case is not in liquid form. 

In this type of engine the distribution of the fuel through the 
air in the combustion chamber is attained by utilizing the high 
velocity of the gases through the throat between the two combus- 
tion chambers. Hence it is unnecessary to impart extreme energy 
to the fuel by injection at high pressure, and a simple form of in- 
jection apparatus becomes possible. The fuel consumption aver- 
ages 0.33 lb. per indicated hp. per hr. The low injection pressure 
allows larger holes to be used in the spray nozzle, so that this is less 
delicate than would be otherwise possible. The openings are less 
likely to clog in operation, especially as the tip cannot become 
overheated. 


Louis Intmer. ‘This paper presents the subject of oil-engine 
research in a way that throws new light upon certain phases of it. 
It would be interesting to learn the views of the author as to the 
relative advantage of the types whose constructive features are 
discussed in the first portion of the paper, which the author may 
have tried out. This might be supplemented by the author’s 
opinion as to the basic principles that should underlie good oil- 
engine design and the means preferred to attain this end. 

In the latter portion of the paper the subject of fuel pumps might 
have been stressed to a greater extent. This accessory constitutes 
the heart of the direct-injection oil engine and represents the 
primary means of controlling the combustion process. Certain 
figures are given by the author relating to-the elasticity of fuel oil, 
but no mention is made of the fact that the air entrained in the 
liquid may produce disturbances in pump action that far exceed 
those resulting from elasticity of the liquid proper. This air is 
further augmented by such additional air as may be trapped in the 
pump parts and discharge pipe. In smaller high-speed fuel pumps 
these combined air effects seriously interfere with the proper 
functioning of the injection process, and in extreme cases may 
cause continued injection of fuel throughout the expansion stroke. 

The maintenance of high pressure behind the nozzle during the 
entire period of fuel injection is a most effective means for obtain- 
ing an extremely fine atomized condition of the fuel. Such sur- 
facing is essential for rapid and perfect mixing of the fuel with all 
of the available air. Unless suitable means are provided to meet 
this need, the expected results will not be competitive with those 
obtained by air-injection methods. . 
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Effective turbulence is also necessary to drive the finely divided 
particles away from the nozzle and cause them to be uniformly 
mixed throughout the available air. Perfect atomization, combined 
with ample penetration of the fuel, are believed to be essential for 
smokeless and economical combustion in airless-injection oil 
engines. Fine atomization, unaccompanied by adequate turbu- 
lence, will result in pocketed or localized combustion, no matter 
how thoroughly the fuel may be broken up or surfaced. 

The writer has found the jet nozzle to give best results as regards 
fuel economy and maximum output per unit of piston displacement. 
The jet should impinge on the hot surface of the piston. When 
properly arranged it is possible to make the highly atomized fuel 
charge penetrate and thoroughly mix with all parts of the available 
air. Such injected fuel ignites almost instantaneously in a manner 
similar to that of a full-Diesel engine. 

The size of nozzle hole is important in the satisfactory operation 
of direct-injection oil engines. A minimum diameter of #4; in. 
is necessary to prevent clogging the nozzle. It is the writer’s 
experience that a fuel-pump pressure of from 3000 to 5000 lb. per 
sq. in. is required to obtain satisfactory atomization and penetra- 
tion of the more common grades of fuel oils. 

Furthermore, it is important to maintain a correct ratio of air 
in which to burn a given injection of atomized fuel. These and 
similar points were covered in the writer’s paper entitled Porting 
and Charging of Two-Stroke Oil Engines.t 

Another important point is the prevention of dribble at the 
nozzle after the injection period terminates. For best results the 
pressure behind the nozzle should drop almost instantly to atmos- 
pheric pressure by venting the nozzle or discharge pipe back into a 
relieved pump chamber. Unless the pipe line and the entire system 
are sharply relieved of pressure, the gradual expansion of air in the 
oil discharge passage is likely to cause some of the fuel oil to dribble 
into the expanding cylinder gases. 


S. A. Hapiey. The author nowhere touches on the question 
of suitable fuels for the solid-injection engine. It would be interest- 
ing to know what he considers are the characteristics of a suitable 
fuel, its viscosity limits, and the results of preheating the fuel to 
various temperatures. 

A rather extensive observation of various types of solid-injection 
engines seems to show that this type of engine has a much narrower 
range for suitable fuels than has the air-injection engine. Further 
discussion of this point would be very interesting. 


1 Trans., A.S.M.E., vol. 48, p. 649. 
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THE ECONOMICAL THICKNESS OF 
INSULATION IN REFRIGERATOR CARS’ 


By Arruur J. Woop,? Stare Couvece, Pa. 
Member of the Society 


and 


Puivie X. Rice,? Danvinie, In. 


The authors call attention to the increasing importance of the 
economic design of refrigerator cars and discuss the factors which 
must be taken into account in finding the proper thickness of 
insulation. The outstanding feature of the paper is the use of 
alignment charts to determine readily answers to problems involving 
many variables. By aid of these, or similar charts, one may 
determine not only the economic thickness of insulation but also 
the saving which would result from the adoption of the correct 
thickness compared with any other thickness; furthermore, the 
economic advantage of one kind of insulation over another may be 
found. 

The paper gives a brief discussion on the economy of using 
regranulated cork or air spaces in some constructions. It outlines, 
by aid of average shade-temperature maps, the means of approx- 
mating external surface temperatures and notes the results of tests 
on roofs, sides, and floors as affected by direct sunlight and color 
of paint. 

Reference is also made to the analysis by the authors of the cost 
of transporting extra weight of imsulation, or extra weight of cars 
as a whole, and the final average figure is found to be about 0.10 
cent per ton-mile for transcontinental routes. 

All of the above and other factors form a part of the data for 
a complete solution for economic thickness, whether it 1s solved by a 
formula or by charts. 


1 This paper will constitute one of the chapters in a Bulletin to be issued 
by the Engineering Experiment Station, The Pennsylvania State College. 
2 Head of Department of Mechanical Engineering, Pennsylvania State 


College. I 
3 Biectrical Engineer, Miller Train Control Corporation. 


Presented at the Annual Meeting, New York, December 3 to 6, 1923, 
of THe Amprican Society oF MrcHANIcAL ENGINEERS. 
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fliers paper aims to explain a reasonably simple method for 
determining quickly and accurately the most economical 
thickness of insulation, and further, to discuss some of the many 
factors which enter into the question of the economical design 
of insulated walls. Although this discussion is concerned with 
refrigerator cars, the possibilities of the method, modified to 
meet the individual requirements, appear to be unlimited. 

2 Ina paper by Mr. P. Nicholls presented at the joint meet- 
ing of the A.S.M.E. and AS.R.E. in December, 1922, there 
was developed a formula for solving problems similar to the one 
in question. He pointed out that trial calculations are laborious: 
and unsatisfactory and that a better plan would be to develop 
a general equation which included all the factors in determining 
the economical thickness of insulation. The authors pointed out 
some of the practical limitations in applying an equation con- 
taining many variables and proposed a simple method requiring 
the use of charts. Rectangular codrdinates may be used to 
advantage where there are but few factors, but are not so well 
adapted for complex relations; in which case alignment charts, 
as here shown, reduce the difficulties to a minimum. 

3 If the trend in the present development is an indication, 
the refrigerator car of yesterday will not be the refrigerator car 
of tomorrow. The steam locomotive has passed through a similar 
transition; when wages, fuel costs and operating expenses were 
low, there was no great incentive to obtain the greatest economy 
and highest efficiency. In somewhat the same way when the 
prices of perishable food products were low and the supply 
abundant, the question of accurately accounting for the heat 
losses in refrigerator cars or of the spoilage of some of the 
products was not a matter of very serious concern. Not so 
today. The higher cost and greater demand have resulted in 
the analysis of costs which heretofore were regarded as unimpor- 
tant. Furthermore the better understanding of the laws of 
heat transmission and the determination of trustworthy constants 
have brought about more rational methods of design.1. The study 
of the authors indicates that nearly all of the refrigerator cars 
in the United States are insufficiently insulated. Until recently, 
papers dealing with an analysis of the entire problem have not 
been published. 

4 The saving of perishable food and the reduction of the 
amount of ice required for that purpose, must be balanced against 
the various factors to accomplish this saving. Among many 
items which the authors consider are the percentage of time 
cars are in service, cost of transporting extra weight of insulation, 
depreciation of the cars, required amount of insulation for a 

1 An illustration in point is the design of the new refrigerator ears for 
the C.M. & St. P. Ry. described in Railway Review, June 16, 1923. See 


also Some Notes on Railway Refrigerator Cars, by W. H. Winterrowd, 
Trans., A.S.M.E., Vol. 44, p. 125, 
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particular structural design, effect of radiation, and the relative 
amount of absorption of heat due to different colors of paint. 
These and other factors must all be codrdinated and the solution 
made simple and direct. 


Tue Factors 


5 The following factors enter into the determination of the 
economic thickness of insulation of a refrigerator car: 


Investment. Fixed charges due to ownership of insulation 
(Fig. 1). 


a ‘Thickness of insulation 

6 Price per board foot of insulation 

ce Fixed’ charge, per cent, including interest, taxes, mainte- 
nance and depreciation. 


Cost of Refrigeration or Heating (Fig. 2). 


d Conductivity and economic thickness of the material 
whose economical thickness is to be determined 

e , Conductivity and thickness of other parts of structure, 
such as structural wood, etc. 

f Resistance of air spaces and surface resistance 

g Difference between the temperatures of the air on the 
two sides 

h Percentage of year in which the refrigerant or heat is 
employed 

i Price of ice, refrigerant, or heat delivered to room to 
be insulated. 


Transportation. For railroad-owned refrigerator cars a trans- 
portation charge is to be included (Fig. 3). 


j + Thickness of insulation 

k Density of insulation 

~ Miles per year 

m Cost of transporting extra weight of insulation. 


These factors are discussed at the close of the paper. Their 
application to practical problems is brought out by a study of 
the accompanying charts. 


GRAPHICAL CHARTS 


6 Fig. 1, which has to do with fixed charges on insulation, is 
one of the simplest forms of alignment charts and may be used 
for calculating the yearly investment as related to interest, taxes, 
maintenance, and depreciation. The positions of the names of 
insulating materials on the chart are to be used with due caution, 
for the prices as indicated by the positions of the arrows may 
vary considerably, depending in part on the amount purchased, 
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the grade of insulation, and the market prices. For most 
materials it is safer to be guided by the actual quotations from 
manufacturers. Suppose the question is to find the annual charge 
per square foot for 2-in. corkboard selling at a uniform unit price 
of 6 cents per board foot for all thicknesses and with a fixed 
charge of 13 per cent per annum. Solution: Since the cost of 
insulation per board foot is 6 cents the “ first cost” for 2-in. 
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insulation will be 6 X 2 = 12 cents;1 which with a fixed charge 
of 13 per cent a year will give 12 * 0.13 = 1.56 cents or $0.0156 
per sq. ft. This answer may be read at a glance by following 
the straight lnes ABC and CDE of the alignment chart,? Fig. 1, 


1 The line ABC, Fig. 1, is to be used only when the price per board foot 
is directly proportional to the thickness. 

2 For description of method of preparing alignment charts see chap. iii, 
Graphical and Mechanical Computations, by Joseph Lipka. The principles 
underlying the construction of nomographic or alignment charts have been 
fully developed by M. d’Ocagne of Paris in his Traité de Nomographie. 
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starting with 2-in. thickness of insulation. The scales on these 
charts should cover the usual range of values for the class of 
problems encountered, and the results for any particular case 
may be read directly and variations of individual values noted. 
This is essentially a multiplication chart which covers a wide 
range of values for the factors involved. 
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Average values for surfaces as used in above chart: One surface, resistance, 0.8; 
two surfaces, still-air resistance, 1.6; one surface, air moving at 50 ft. per min., 0.5; 
one surface, air moving at 1000 ft. per min., 0.3. For air spaces, use reciprocal of heat- 
transmission values as obtained from Bureau of Standards tables. (See Kent’s M. EH. 
Handbook, 10th edition, p. 629). 


7 Charts of similar character may be used for many classes 
of problems in which all but one of the variables are known or 
assumed. If several materials are to be compared, the same 
procedure, in general, can be used to get the annual costs for 
various thicknesses. 
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8 Fig. 2 is a chart constructed primarily for calculating the 
annual cost of ice, but may be used for the cost of refrigeration 
or heat. For very accurate work the engineer should carefully 
determine the conductivities of the materials to be studied, using 
values given by trustworthy authorities for the density, moisture 
content, structural condition due to years of service, etc. Data 
on some of the more common dry materials for various composi- 
tions and of different densities were published in 1915 by the 
Bureau of Standards and have been reprinted in various books 
and articles since they were first published On Fig. 2 will be 
found the names of two materials adjacent to the values of con- 
ductivities which are believed to be approximately correct for 
these insulating materials when new. The prices will vary 
according to market conditions, grade of insulation purchased, 
etc. 

9 A sample floor calculation will illustrate how the graph is 
to be used. Starting at A, Fig. 2, with corkboard, conductiv- 
ity = 0.308, lay a straight edge through the same trial thickness 
as in Fig. 1, namely, 2 in., and read on the right-hand scale a 
thermal resistance of 6.5. To this add the inside surface resis- 
tance of 0.8 and outside surface resistance of 0.5 (assuming a 
velocity of 500 ft. per min. as an average of standing and running 
while iced). Also, add the thermal resistance of structural wood 
obtained by assuming an average value of C = 1 and projecting 
a straight edge through 3% in. (the thickness of the structural 
wood), which gives a resistance of 337. The total floor 
resistance is 6.5-+0.8+ 0.5 +337 = 11.17 at point D. Now 
starting from a resistance of 11.17, lay a straight edge through 
“Temperature Diff. Deg. Fahr.,”’ say, 30 deg. and get 2.7 B.t.u. per 
sq. ft. per hr. Again, reversing the direction from 2.7 B.t.u., 
go through “Per Cent of Year Used,” taken here as 25 per 
cent, and get 41 lb. of ice melted per sq. ft. per year due to 
conduction through the floor. Reversing, go from 41 lb. through 
“Price of Ice” (or refrigerant or heat), say, $4 per ton of 
ice delivered to bunkers of car, gives $0.083 as the annual cost of 
ice per square foot of floor. For other thicknesses it is necessary 
to use the chart again; the answers are not directly proportional 
to thicknesses, because the sum of the wood and the surface 
resistances does not vary with change in thickness of the insu- 
lating material, 

10 The scales of Fig. 2 were chosen particularly for refriger- 
ator-car insulation. This same chart, when used within the 
limitations of the scales, may be used in solving problems where 
the refrigeration is supplied to the cold-storage room by a circu- 
lating medium. In this case the upper right-hand scale may 
be changed from pounds of ice into B-t.u. by multiplying the 
figures on the chart by 144 and marking the divisions as B.t.u. 
The middle upper scale of Fig. 2 may be made to represent the 

1 Kent’s M.E. Handbook, 10th edition, p. 630. 
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cost of heat per B.t.u. transferred from the refrigerating room, 
but the conversion of this scale from the basis on which it is 
now given on the chart to one showing cost per B.t.u., becomes 
a problem involving many factors under two items, (a) capital 
‘costs, (b) production costs, and is outside the range of the present 
discussion. 
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11 For certain problems the range of these graphs may not 
suffice, but the scale may be extended by logarithmic or other 
mathematical relations. Where many factors are involved this 
alignment type of chart is found superior in accuracy and com- 
pactness to the more conyentional rectangular-coordinate type 
originally prepared and used by the authors for insulation work. 

12 If transportation of tare weight of cars concerns the owner 
of the car, as in the case of cars owned by railroad companies, 

1 Referred to by the authors in their discussion of paper on Economic 


Thickness of Insulation, by P. Nicholls, December, 1922, meeting A.S.M.E. 
and A.S.R.E. See Refrigerating Engineering, Feb. 1923. 
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the charge should be added to the sum of ice and investment 
charges. 

13 The amount of transportation charge for extra weight of 
insulation can be determined from Fig. 3, the procedure being 
similar to that for the other charts. One should not depend on 
the densities of materials shown, but should determine the actual 
densities by weighing samples from stock. For example, balsa 
wood and hair felt may vary widely in density. 

14. The prices of transporting extra weight of insulation can- 
not be accurately determined, but the authors would submit 
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Based on 35 deg. fahr. temperature difference; 3.3 in. of dry wood in the floor; 
11 per cent salt used with ice. 


$0.000625 per ton-mile of extra weight on level routes, $0.00305 
for mountain roads, and $0.00108 for transcontinental service as 
being the best approximations available as brought out by them 
in a discussion of the cost of transporting extra weight of cars, 
which will form a chapter of a bulletin to be issued later, For 
purposes of illustration, the value of $0.00035 has been assumed 
(point F’). The final answer is at G and gives 0.6 cent per sq. ft. 
as the annual cost of aad ieee the insulation in the above ex- 
ample. In Tables 1, 2, and 3 and in Figs. 4 and 5, the more 
nearly average value of $0.00108 was used. The significance of 
the weight factor is brought out by changing the position of 


line HFG, Fig. 3, to cause it to pass through some other point 
on the middle scale. 
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Economic Curves anp Resutts 


15 One of many applications of the foregoing may be indi- 
cated. Having thus calculated all the charges for various thick- 
nesses of various insulating materials, economic curves similar 
to Fig. 4 can be plotted for floors under prescribed conditions of 
operation. Other curves can be drawn for ceilings with their 
own peculiar conditions. Fig. 5 shows three economic curves for 
ceilings and floors of refrigerator cars engaged in general perish- 
able-fruit business, the data for plotting the curves being taken 
from Tables 1, 2, and 3 where the values given are in dollars 
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Fic. 5 InsuLation Economics FoR TRANSCONTINENTAL FrRuIT CARS 
(See Tables 1, 2, and 3 for details.) 


per sq. ft. of surface per year. The condition under which 
standard fruit cars operate in average transcontinental trips 
from April to September is shown in the notes under the tables. 

16 A comparison of the curves in Fig. 4 reveals the economic 
superiority of regranulated cork for floors. The curves show 
that the minimum annual cost per square foot of corkboard is 
$0.114, whereas with regranulated cork the minimum is $0.072. 
The respective economic thicknesses are seen to be 6.5 in. and 
10.5 in. If the structural wood were considered to be wet, and 
this is the safe assumption, the relative advantage of regranulated 
cork as compared with corkboard would be even greater. If 
steel floors were used instead of wood, regranulated cork would 
also show a greater economic advantage. 
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17 Fig. 5 shows that even for the same material the economic 
thickness may be much more for floors than for ceilings. Prob- 
ably the economic thickness for side insulation would be differ- 

TABLE 1 ECONOMICS OF TRANSCONTINENTAL FRUIT CARS — 

HAIR-FELT CEILINGS * 


—————Thickness in inches SS 
1 2 3 4 5 6 


Fixed charges ......07.-.- 0.009 0.018 0.027 0.036 0.045 0.054 
Teeth. Seis kn haart hee a tiat erate 0.067 0.047 0.038 0.031 0.026 0.023 
Dransportationeras ty. aie 0.015 0.031 0.045 0.063 0.079 0.095 

Total cg srterenst slave jetsytels eps 0.091 0.096 0.110, 0.130 0.150 0.172 


* Based on service from April to September, inclusive. Average shade temperature, 
64 deg. fahr.; fair-weather factor, 70 per cent; average increment on roof, 8.2 deg. 
x 70 per cent = 6 deg.; average total roof temperature, 64 + 6 = 70 deg.; average 
ceiling temperature (2 in. below), 50 deg.; structure wood in ceiling (2.5 in.), dry; 
air spaces in ceiling, 2 in. 


TABLE 2 ECONOMICS OF TRANSCONTINENTAL FRUIT CARS — 
REGRANULATED-CORK CEILINGS 
(Footnote to Table 1 applies also to this table) 


Thickness in inches—-—————_-. 
1 2 3 4 5 6 


Bixed charges's..1..0yer vine 0.003 0.006 0.009 0.011 0.014 0.017 
LOO sisie.ccgerts ens sere ae 0.070 0.051 0.040 0.033 0.029 0.025 
Transportation s.. vse...) yek 0.008 0.015 0.022 0.029 0.036 0.044 

Total teste eae enti 0.081 0.072 0.071 0.073 0.079 0.086 


TABLE 3 ECONOMICS OF TRANSCONTINENTAL FRUIT CARS — 
REGRANULATED-CORK FLOORS ** 


— Thickness in inches——_—_—_. 
2 3 4 5 6 7 


Bixed charges ss. tis. 2 een 0.006 0.009 0.011 0014 0.017 0.020 
DOG isi:3, ite afte cetera 0.100 0.071 0.060 0.047 0.042 0.037 
Transporvetlores.. 2 cen. 0.015 0.022 0.029 0.036 0.044 0.051 


TOGBIN, «feysvote acts: dorctbarcp ater 0.121 0.102 0.100 0.097 0.103 0.108 


** Based on service from April to September, inclusive. Average shade temperature, 
64 deg. fahr.; average increment under floor, 3 deg.; average total floor temperature, 
67 deg.; average temperature 2 in. above floor, 37 deg.; temperature difference, 30 
deg.; structural wood (3% in.), dry. 
ent from roofs or floors because the average temperature 
difference in the side is different from other parts of the car 
and the structural wood and number of air spaces may be 
different. The curve for hair felt + appears to be a minimum at 
1 in., but in practice such a thin ceiling should not be used in 
the car because of the greater tendency for the top layers of fruit 
to spoil. The economical thickness of ceiling insulation for over- 
head refrigerating systems, such as the A. B. C., Moore, or the 
side-draft bunker system,” would be considerably greater than the 
ceiling thickness shown in Fig. 5, because of the superior refrig- 
eration in the upper part of the car. On the other hand, the floor 
thickness could be reduced in the above-mentioned cars because 
in such cars the floor temperature need not be carried so low 
to obtain a good average temperature throughout the load. 


1 As brought out in the discussion, Keystone hair felt was used to illus- 
trate the particular case under consideration and its conductivity and den- 
sity were taken from tests made in 1916 by the Bureau of Standards, 

2 See Railway Mechanical Engineer, June, 1923, or Refrigerating Engi- 
neering, June, 1923, Tests on a Refrigerator-Car Model, by P. X. Rice. 
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18 A comparison between the curves of Figs. 4 and 5 indicates 
a great difference in economic thickness. This is due to the lower 
inside temperatures of the meat car and to the fact that meat 
packers do not have to pay for transportation of extra weight 
of insulation. With the present system of car interchange, the 
cost of transporting the extra weight of a thoroughly insulated 
car is not assessed against the car owner, even if the owner is 
a railroad company. If only one road should adopt thicker 
insulation, the other railroads, over whose lines the car operates, 
would unwittingly bear the extra cost of transporting extra 
insulation. Naturally, this loss would come out of what would 
perhaps otherwise be profit for the roads handling the ear. 
Therefore, as interchange customs now stand, the economical 
thickness of insulation should be calculated with practically no 
transportation charge. To be exact, of the car’s annual mileage 
of, say, 20,000, the owner of the car may haul it only 3000 
or 5000 miles, and the transportation factor should be reduced 
accordingly. Small roads owning refrigerator cars would therefore 
insulate them more thoroughly than would long roads. In fact, 
the short road might well neglect the transportation cost of thick 
insulation and use insulation much thicker than is now commonly 
employed. Furthermore real thick insulation would reduce 
spoilage claims somewhat and obviate much criticism from 
shippers. 


Arr-Space CoNSsTRUCTION 


19 Cellular paper insulation has possibilities in connection 
with the economics of refrigerator cars, principally because of its 
light weight. The natural criticism to such a suggestion is that 
paper insulation would disintegrate in the presence of the in- 
evitable moisture that accompanies refrigeration. The authors do 
not know of any tests on such material, except those made at 
Pennsylvania State College on a piece of paper insulation 1 ft. 
square and 1 in. thick, with one edge nailed to an improvised 
flag mast. This insulation has withstood the rain, snow, sun, and 
gales for one year, and apparently would still function as refrig- 
erator-car insulation. It was constructed of hard glazed wrapping 
paper, coated on both sides with shellac to fasten together the 
corrugated sheets and to waterproof the paper. Half-inch cor- 
rugations were put between flat sheets of paper, and two of such 
series constituted the 1-in. thickness. The authors also con- 
structed paper insulation 3 ft. square and 2 in. thick in a similar 
arrangement. This weighs only one-eighth as much as_ hair 
felt of equal thickness or one-quarter as much as hair ‘felt of 
equivalent thermal resistance. 

20 Objection has been made to air-space construction on ac- 
count of the uncertainty of the air spaces remaining securely 
sealed. Apparently no dependable quantitative data on air 
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leakage in air spaces are available, but information from a 
number of engineers who have examined the conditions after 
cars have been in service, leads the authors to believe that in 
most cases air spaces are maintained for a long time without any 
serious change. The “heat meters” which are being developed 
independently by the Engineering Experiment Station and by 
the Research Laboratory of the American Society of Heating 
and Ventilating Engineers, may be used to measure directly 
the effectiveness of old and new cars of various construc- 
tions. Until satisfactory tests are made to settle the difference 
of opinion on the question of air leakage, the authors will con- 
tinue to believe that there are undeveloped possibilities in air- 
space construction. 


Discussion or Factors INVOLVED 


21 There are not many factors involved other than those 
named which affect the choice of insulation for best economy. 
Moreover, most of those listed are subject to variation in char- 
acteristics difficult to evaluate. Further consideration may be 
given to the factors mentioned early in the article and these will 
be taken up in the order as listed. 

a Thickness of insulation may not conform to exact specified 
thickness. This is particularly true of hair felt. 

6b Price per actual board foot may not conform to quoted 
price on account of discrepancy in thickness. 

c Fixed charge, in per cent, includes maintenance and de- 
preciation which change with successive improvements in con- 
struction and operation, and is somewhat difficult to determine 
accurately for any particular installation. 

d The conductivities of most of the insulating materials have 
been determined for certain conditions, but unless the engineer 
knows something of the properties and characteristics of materials 
and the conditions under which they were tested, he may be 
misled in using tabular values. 

The conductivity of a given piece of insulation is almost cer- 
tain to lose some of its thermal resistance in service. During 
the process of installation the material may be crushed or 
stretched or fail to fit closely enough to prevent convection 
through the wall or part of the wall. In service, the wall insula- 
tion may become detached in places and break the continuity of 
the material. From an inspection of hundreds of cars the authors 
concluded that usually car floors and the lower part of walls are 
soaked with water. Superintendents of refrigerator service admit 
that floors and lower walls are the least satisfactory. Unless 
steel floors are used, it would be safer to assume that the floor 
insulation will be wet and the conductivity should be chosen 
accordingly. In the case of yellow pine, the authors found that 
the conductivity of wet wood was about twice as much as that of 
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dry wood. With insulating materials the variations due to mois- 
ture content are not known and the true values cannot be used 
until some laboratory has determined the effect of moisture. For 
imperfectly protected floor insulation the authors suggest that 
conductivity be doubled for economic calculations. A certain 
railroad built two milk cars with watertight, rust-resisting steel 
floors; probably the reduced maintenance cost would justify 
such construction independently of the considerable saving in the 
cost of ice. 

e In general, the conductivities of other structural parts of 
a car cannot be determined accurately, but ordinarily the thermal 
resistance of such parts is such a small part of the entire wall 
or floor that some tolerance of conductivity is permissible. As 
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mentioned before, the thermal resistance of wood depends largely 
on its moisture content and probably, for unprotected floors, 
should be taken as half the resistance of dry wood. Other 
structural materials often have less insulation value than is 
shown in tables for conductivity. 

f Resistance of an air space is difficult to predict unless it is 
known to be strictly airtight. For stationary cold-storage walls, 
ordinary cracks would not be as objectionable as in moving cars. 
It has not been determined how tight an air space must be in 
order to be effective. Surface resistance is such a variable that 
the safe procedure is to use a value of zero for the outside sur- 
face of cars when the air passes over the surface at a speed of 
more than 10 miles per hour. If the resistance of the car wall 
proper is relatively high, as in modern refrigerator cars, the out- 
side surface resistance can be neglected with but slight error in 
the total transmission through the wall. It is better to use some 
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approximation of the outside surface resistance, taking imto ac- 
count the velocity of air on the surface. The inside surface 
resistance amounts to more than that of the outside, and ordi- 
narily where the air is fairly calm, the surface resistance can be 
predicted closely enough for thick walls where an error in the 
the surface resistance would not affect seriously the total 
transmission.t 

g Differences of temperature between the outside and the 
inside of the car should be determined by actual measurements; 
if that is not possible, it can be approximated by aid of recorded 
tests of similar cars, provided it is known where the temperatures 
have been observed. The following may assist in this approxima- 
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tion: The floors of end-bunker cars are often 20 deg. to 35 deg. 
colder than the ceilings. It is desirable to use the temperatures 
taken at least 2 in. from the car surface and to include surface 
resistances in the calculations. 

Outside shade temperatures can be predetermined approxi- 
mately by the temperature maps, Figs. 6, 7, and 8, which 
show July, January, and annual shade temperatures. These 
apply to outside wall and floor temperatures, but are somewhat 
too low because the walls receive direct radiation from the sun 
on bright days and floors receive some radiation from hot ballast. 
In the case of roofs, especially black or red roofs, the error of 
neglecting radiant heat is appreciable, as is brought out in Fig. 9. 
The authors have found that at noon, summer or winter, at any 
latitude, there is a difference of about 62 deg. between shade and 


1 This is further discussed in an article by A. J. Wood on Insulation of 
Passenger and Refrigerator Cars, in Railway Mechanical Engineer, Sep- 
tember, 1921. 
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either black- or red-roof temperatures,! provided the sky is clear 
and the roof is perpendicular to the sun’s rays. If the roof is in 
a horizontal position, the variation in temperature increment 
above shade temperature is shown in Fig. 9 by the broken lines 
for August, October, and December. For an integrated average 
covering a period of 24 hours’ fair weather, the increments 
obtained are 20.4 deg. in August and 17.5 deg. in October, or 
17 deg. annual. The corresponding increments for white roofs 
are only 7.6 deg., 5.6 deg., and 5.5 deg. It can be seen that if 
the railroads would paint their car roofs white, as some paint 
the walls, considerably less ice would be required. However, the 
20.4-deg. average for August for black roofs applies only for still 
air in clear weather. Refrigerator cars stand still only about 
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40 per cent of the time they carry ice, and much of the other 
60 per cent they run at speeds above 10 m.p.h., above which 
speed the temperature increment is negligible. Furthermore the 
natural wind velocity is often greater than 10 m.p.h., so that one 
should not expect to experience more than 40 per cent of 20 
deg. = 8.2 deg. average effective increment. For stationary cold- 
storage buildings the effective increment in August would prob- 
ably be 15 deg. to 18 deg. 

By aid of the diagrams of Figs. 6 to 9, inclusive, one is able 
to reach fairly accurate results for outside average-temperature 
conditions in different parts of the country and for different con- 
ditions under which the sun strikes the surface. Inside tempera- 
tures may be approximated as indicated, making it possible to de- 
termine with reasonable accuracy average temperature differences. 


1 This value of temperature increment is approximate, being the average 
of many readings of mercury thermometers. 
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h The correct figure for the percentage of year in which a 
refrigerant or a heater is used should be determined on the car- 
day basis; that is, if only a few cars are refrigerated in winter 
and all the cars are refrigerated for three months in summer, the 
figure would be slightly over 3/12 = 25 per cent. This is suffi- 
ciently close for ordinary refrigerator-car service, but for special 
industries, such as meat packing, the figure may be 30 per cent. 
In the case of cold storage the figure is generally much higher. 

1 The price of ice for refrigerator cars can be found readily 
by referring to the regular charges made at icing stations, ordi- 
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narily about $4 per ton. In cold-storage plants the cost of 
producing and delivering refrigeration to the storage rooms can 
be determined most accurately by referring to the construction, 
maintenance, and operating costs of the plant; probably the cost 
is less than $1 per ton of ice (equivalent refrigeration). It may 
be noted that the cost of absorbing heat by refrigeration or by 
ice is many times more expensive than supplying that much heat 
by heaters. Therefore the cost of supplying heat to refrigerator 
cars in winter is almost negligible in comparison with the cost 
of refrigerating the same cars in summer; the economic thickness 
of insulation should therefore be determined by the refrigeration. 

j See comment on thickness in paragraph (a) above. 

k, l, and m have been covered by the discussion in previous 
paragraphs. 

22 It should be apparent to those who have followed the dis- 
cussion, that the most intricate problems of economic thickness of 
insulation may lend themselves to a satisfactory solution if full 
information is obtained concerning the factors involved. 
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March 1912, p. 129. Author proves that due to rising cost of refrigeration 
the saving effected by insulation is now much greater than is commonly 
recognized. 

1912 — Economics of Insulation. Ice & Refrigeration, June 1912, p. 354. 

1912 — Insulation of Railway Equipment. A 110-page booklet pub- 
lished by Union Fibre Company, Winona, Minn. Evolution of refrigerator 
car in U.S., tests of cars and insulators. Description of modern car. Com- 
mercial tests. Surface resistance not deducted from conduction. 

1912 — Lonawortxy, C. F. anp Miuner, R. D. Some Results Obtained 
in Studying Ripening Bananas with the Respiration Calorimeter. Heat 
produced by bananas. U.S. Dept. Agriculture, Yearbook for 1912, pub- 
lished in 1913. 

1912 — GuasEerR. Charts show mean duration of sunshine very completely 
for 62 stations. 

1913 — Moyer, J. A. Thermal Testing Plant of Pennsylvania State 
College, 3rd Int. Congress Refrig., September, 1913. Abstract in Power, 
November 11, 1913, p. 684. Effect of Humidity and Velocity of Air. Trans- 
mission of 15 materials. See also 1915. 

1913 — Seaweed Insulating Material. Ice & Refrigeration, December 
1918, p. 364. 

1913 — McPrxz, E. F. anp Bracken, J. H. The Refrigerator Car — 
Retrospective and Prospective. Trans. Am. Soc. Refrig. Engrs., 1913, 
p. 125. ; 

1913 — PennineTon, Dr. M. E. The Refrigeration of Dressed Poultry 
in Transit. Refrigerator car shipments and construction of cars. Bulletin 
no. 17, U.S. Dept. of Agriculture. 

1913 — Lregps, J. S. Organization for Handling Refrigeration Trans- 
portation, 3rd Int. Congress Refrig., 1913. 

1913 — Parxs, M. R. Dimensions, Proportions, Capacity and Insula- 
tion of Refrigerator Cars, 3rd Int. Congress Refrig., 1913. 

1913 — Mortenssrr, A. M. Consideration of the need of a comprehen- 
sive organization by transportation companies for continuous transport of 
perishable products from point of origin or production to points of con- 
sumption, including distribution of commodities and privilege of diversion or 
reconsignment from one market to another, 3rd Int. Congress Refrig., 1913. 

1913 — SHarp, W. E. Advantages of a Combination Heater and 
Refrigerator Car, 3rd Int. Congress Refrig., 1913. 

1913 — Nurr, Peter. Theory and Practice of Using Ice in Traasit to 
Prevent Freezing of Perishable Goods, 3rd Int. Congress Refrig., 1913. 

1914 — Wiiuarp, A.C. Heat Transmission Tests on Steel Mail Car Sec- 
tion. Tests at Univ. of Ill. to determine relative efficiency of various types 
of insulation. Railway Age Gazette, June 1914, p. 1572, and July, p. 45. 

1914— Bowrn, Joun T. The Application of Refrigeration to the 
Handling of Milk. Bulletin no. 98, U.S. Dept. of Agriculture, 88 pp. 
One chapter treats of insulation. Reviewed in A. S. R. E. Journal, Nov. 
1914, p. 115. 

1914 — PennineTon, Dr. M. E. Investigation on Damage to Eggs 
in Transit, American Warehousemen’s Association, Proc., 1914. 

1915 — Moynr, J. A. Effect of Velocity and Humidity of Air on Heat 
Transmission through Building Materials. Tests made at Pennsylvania 
State College. A.S.R.E. Journal, Nov. 1915, p. 26. Abstract and dis- 
cussion in A.S.R.E. Journal, July 1916, pp. 7-15. Also in Heating and 
Ventilating Magazine, Feb. 1916. Complete report in Bulletin no. 16, 
Eng. Exp. Station, Pa. State College. 

1915 — Harpine L. A. Design of Blower Heating Systems for Factory 
and Shop Buildings. Bulletin no. 9, Eng. Exp. Station, Pa. State College. 
Contains data on heat transmission. 
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1915 — Pannineton, Dr. M. BE. Studies of Poultry from Farm to Con- 
sumer. Refrigerator car shipments and construction of car. Similar to 
Bulletin no. 17, U.S. Dept. of Agriculture, Bureau of Chemistry, Circular 
no. 64. 

1915 — Gay, G. M. San Bernardino Pre-Cooling Plant, A. S. R. E., 
Journal, Sept. 1915, p. 5. 

1915 — Action of Ice and Common Salt, Power, Feb. 2, 1915, p. 166. 

1915 — Report of Committee on Application of Refrigeration to Food. 
American Association of Refrigeration, Proceedings. 

1916 — Dicxrnson, H. C. anp Van Dusen, M. S. The Testing of 
Thermal Insulators. Paper read before Am. Soc. Refrig. Engrs. at Dec. 
1915 meeting. A.S.R.E. Journal, Sept. 1916, p. 5. Contains accurate 
determinations of heat flow through air spaces and through over 30 insulating 
materials. Table reprinted in A.S.R.E. Journal for Jan. 1917, p. 82. 

1916 — Woop, A. J. Determining Heat Transmission of Compound 
Walls, with Tests on Insulated Steel Car Sections. Read before Am. Soc. 
Refrig. Engrs., Dec. 1916. A.S.R.E. Journal, Nov. 1916, p. 14. Reprinted 
with the discussion in A.S.R.E. Journal, Jan. 1917, p. 44. Gives values for 
air-velocity tests. 

1916 — SmitH, Epwin. Precooling, Shipment and Cold Storage of Tender 
Fruit, with Notes on Packing and Packages. Bulletin no. 48, Dairy and 
Cold Storage Series, Dept. of Agriculture, Ottawa, Canada. 

1917 — CarpEnTER, R. C. The Properties of Balsa Wood. Results 
given of Heat Transmission Tests. Read before Am. Soc. Refrig. Engrs., 
Dec. 1916. A.S.R.E. Journal, May 1917, p. 30. Similar article in Proc. 
A.S.C.E., p. 649. Reviewed in Mechanical Engineering, July 1916, p. 590. 

1917 — SmirH, Epwin. Use of Brine Tank Refrigerator Cars for Fruit 
Shipment. Electric fan for circulating air and floor racks. Bulletin no. 50, 
Dairy and Cold Storage Series, Dept. of Agriculture, Ottawa, Canada. 

1917 — Refrigerator Cars, Pennsylvania Railroad, Railway Review, 
Feb. 3, 1917, p. 155. 

1918 — Thermal Conductivities of Various (Heat Insulating) Materials. 
Ice & Refrigeration, April 1918, p. 225. Copy of table dated March 6, 1918, 
giving results of determination made at Bureau of Standards, Washington, 
D. C., by the hot-plate method. Most of the values were given in A.S.R.E. 
Journal, Sept. 1916, p. 25, and Jan. 1917, p. 82. 

1918 — Woop, A. J. anp Frur, R. B. Recent Studies in Heat Trans- 
mission. A.S.R.E. Journal, March, p. 464. Gives results of tests on air 
spaces. 

1918 — Feur, R. B. Report on the Thermal Testing Plant. Bulletin 
no. 24, Engineering Experiment Station, Pa. State College. Reviewed in 
Mechanical Engineering, July, 1918, p. 596. 

1918 — Government Standard Refrigerator Car, Railway Review, 
Dec. 21, 1918, p. 865. 

1919 — Greene, A. M., Jr. The Elements of Refrigeration. Book 
by John Wiley & Sons, New York. Chap. V on Heat Transfer, Insulation, 
and Amount of Heat. 

1919 — Pennitnoton, Dr. M. E. The Development of a Standard Re- 
frigerator Car. Read before Am. Soc. Refrig. Engrs., Dec. 1918, A.S.R.E. 
Journal, July 1919, p.1. Gives details of air-space insulation with hair 
felt, flaxlinum and linofelt. 

1919 — Kimpatu, Pror. Solar Radiation in the United States (ex- 
pressed in gram-calories) for various latitudes, altitudes, slopes, weather. 

1919 — Report on Depreciation for Freight Cars, Proc., Mech. Section 
Amer. Ry. Assn. 

1920 — WiuuiaMs, J. B. Judicious Use of Heat Insulation, Iee & Re- 
frigeration, June 1, p. 339. Shows the results of amount of heat transmitted 
through consecutive layers of corkboard against 13-in. brick wall. 

1920 — Taytor, T.S. Dissipation of Heat by Various Surfaces, A.S.H. 
& V.E. Journal, May, p. 445. Also Mechanical Engineering, April 1920, 
p. 230. 
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1920 — Day, V.S. Emissivity of Heat from Various Surfaces. Bulletin 
no. 117, Eng. Exp. Sta., Univ. of Illinois. Tests dealing principally with 
the effect of covering bright tin pipes with asbestos paper. Conclusion that 
bright tin pipes are more efficient carriers of heated air than when covered 
with asbestos paper. 

1920 — Penninaton, Dr. M. E. Balsa. A.S.R.E. Journal, Jan. 1920, p. 
256. Contains facts about balsa wood as used for insulation. Conductivity 
related to density. 

1920 — Woop, A. J. AND GruNDHOFER, E. F. Heat Transmission. 
Corkboard and Air Spaces. Bulletin no. 30, Eng. Exp. Sta., Pa. State 
College. The best thickness of air spaces. Includes very complete bibli- 
ography of 268 books and papers. 

1920 — Van Dusen, M.S. The Thermal Conductivity of Heat Insu- 
lators, A.S.H. & V.E. Journal, Oct. 1920, p. 625. Summary of the work of 
the Bureau of Standards of the last few years. 

1920 — Perishable Freight Investigation No. 10664. Tariffs and costs 
of furnishing refrigerator-car service. Costs exhibited by railway com- 
panies. Published by Interstate Commerce Commission. 

1920 — The A.B.C. System of Transit Refrigeration. Economics of 
system. Published by A.B.C. Transit Refrigeration Company. 

1920 — Kincrer, J. B. Sunshine in the United States. Percentage of 
possible sunshine in various sections of the country for various reasons, and 
the number of hours of sunshine. Bibliographic notes. Reprint from 
Monthly Weather Review, 1920. 

1920 — New Refrigerator Cars, Santa Fe Magazine, Dec. 1920. 

1921 — Nicuotus, Percy. Air Space Transmission. Adds radiation 
factor to report of Dickinson and Van Dusen. A.S.H. & V.E. Journal, 
November 1921, p. 783. 

1921 — Newuran, H. R. Transportation Economics of the Refriger- 
ator Car. Savings of A.B.C. system of refrigeration, A.S.R.E. Journal, 
March, p. 383. 

1921 — Autman, W. N. Insulation of Freight; and Passenger Cars, 
Railway Mechanical Engineer, July 1921; p. 444. 

1921 — Woop, A. J. Insulation of Passenger and Refrigerator Cars, 
Railway Mechanical Engineer, Sept., 1921, p. 547. 

1922 — WinTERROWD, W. H. Some Notes on Railway Refrigerator 
Cars. Very complete description of many types of refrigerator cars and 
details of their insulation. Contains bibliography. Presented before 
A.S.M.E. and A.S.R.E., May 16, 1922. Abstract and discussion in Refrig- 
erating Engineering, Aug. 1922, p. 62. 

1922 — Gorman, J. Growth of the Citrus Fruit Industry of California, 
Santa Fe Magazine, Nov. 1921, Dec. 1921, Jan. 1922. 

1922 — Treated Lumber in Cars, Railway Review, April 1, 1922, p. 472. 

1922 — NicHouts, Percy. The Economic Thickness of Insulation in 
the Refrigerating Field. Theory of economical thickness and formulas. 
A.S.H. & V.E. Journal, April 1922, p. 343. 

1923 — A Notable Development in Refrigerator Car Devight Railway 
Review, June 16, 1923, p. 1015. 


DISCUSSION 


Cuartes H. Herrer. The authors are quite correct in stating 
that practically all refrigerator cars used in the United States are 
deficient in insulation. This new method of calculating the gain 
derived from more insulation should shortly lead to their im- 
provement. It is not necessary to reserve these improvements for 
new cars only. Many old cars may have added to them one or 
more layers of insulation. 
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Not being influenced by manufacturers’ literature, the authors 
seem to have discovered some merit in regranulated cork. Samples 
tested at the Bureau of Standards and elsewhere prove the heat 
conductivity of dry regranulated cork to be equal to that of pure 
corkboard, and yet the current prices per board foot, as indicated 
by Fig. 1, are in the ratio of six cents to two cents, while on the 
basis of l-in. board equaling 2 in. of regranulated cork (manufac- 
turers’ practice), the latter would cost four cents. Consequently 
heretofore regranulated cork was always at-a disadvantage, the 
makers preferring to sell materials in other than loose form. The 
objection that loose filling materials require lumber or the equiva- 
lent to confine them does not apply in the case of refrigerator cars, 
because to secure a durable wearing surface inside and out, wood 
sheathing is generally used, even with the self-sustaining corkboard. 
If forced shaking tests were made with various-sized granules of 
loose cork an idea would be obtained of the necessary mixture and 
density per cubic foot to secure the least amount of settling. 
Such settling is objectionable, at least in the case of vertical surfaces. 
In car walls the settling could probably be eliminated by mixing 
the regranulated cork with diatomaceous earth in powder form 
(Celite, Sil-O-Cel), the conductivity of which does not differ from 
cork. The weight averages 10 lb. per cu. ft., while the price is 
equivalent to about two cents per board foot. Celite is used for 
insulating furnaces because it is heat- and fire-resistive. But it 
should be kept dry, the same as all insulators. It is the only loose 
insulating powder which retains its normal density. 

The authors justly call attention to the fact that care should be 
exercised in selecting the proper coefficient of heat transfer applying 
to the particular material in use. Materials are not likely to 
duplicate selected laboratory samples, and the least one should do 
is to compare the weights per cubic foot. Dense materials as a 
rule offer less resistance to heat flow than do light ones. In this 
connection the writer’s collection of over 500 test results ! attached 
to the 1923 report of the Insulation Committee of the American 
Society of Refrigerating Engineers should be of some assistance, as 
it contains also data on the effect of moisture. 

It will be noticed, Par. 17, that the authors arrive at'a tempera- 
ture difference of 70—50 or 20 deg. fahr. only in the case of ceilings 
of fruit cars, against 67 — 37 or 30 deg. in the case of floors. Ac- 
cordingly they show, Fig. 5, the economic thickness of regranulated 
cork at 3 and 43 in., respectively. A refrigerating engineer would 
reverse these thicknesses, and place the thickest insulation on the 
ceiling to obtain better protection against radiation and convec- 
tion, higher heat transfer of wetted roof area, and aim at securing a 
ceiling air temperature at the most 10 deg. higher than the air 
over the floor. It stands to reason that the thin ceilings of cars 
are largely responsible for the warm stratum of air under the 
ceiling. In other words, the temperature difference through the 


1 Refrigerating Engineering, vol. 10, no. 7, Jan. 1924, p. 256. 
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ceiling should be taken as 40 rather than 20 deg., especially over 
the ice bunkers. By elevating the roof line of a car to that of the 
locomotive, space would be gained for the extra thickness of insu- 
lation without affecting the cubic contents of the cars. To dup- 
licate the refrigerating efficiency obtained in stationary installa- 
tions, the ice or cooling surface should of course be spread over 
the car ceiling and not crowded to the remote ends. 

The authors advocate air-space construction, even if made with 
several sheets of paper. This plan may be entirely feasible from 
the viewpoint of insulating effect only, but it is objectionable 
from the standpoint of refrigeration. The important factor of 
heat capacity of the car body (weight x specific heat) apparently 
did not receive its share of attention from the authors. Papered 
air spaces may insulate well per degree of difference, but having 
no weight, their own temperature will fluctuate with all tempera- 
ture variations encountered by the car. Thus in precooling the 
car, air would be lowered to 35 deg. within a few minutes, but on 
the road the weightless walls would likewise become warm very 
soon instead of remaining ‘‘saturated with cold” for many hours. 
To keep down temperature fluctuations within the car as in a 
room the inner envelope should have capacity to hold a great deal 
of heat (or cold) and the insulation proper may form the outer 
envelope. In fact, it may then consist of air spaces; but weight is 
useful, especially if there is no tax imposed on tare weight. 

Owing to their higher temperature, air spaces in the outer 
envelope are less effective than inside, but also more secure against 
condensation of moisture. When heat capacity is taken into 
account the opportunities of heavier insulators become brighter 
than would appear from the authors’ deductions. A heavy lining 
of yellow pine, oak, or maple will be preferable to one of redwood. 
Light-weight woods belong on the outside. The exterior should 
be as smooth as possible and as stated by the authors should be 
painted all over with glossy white paint, both for appearance and 
to repel heat. 


Grorce A. Nicou, Jr. The authors open up a rather unique 
line of thought as regards the supposed economical thickness of 
insulation in refrigerator cars. So many variables enter into any 
such calculations that the elimination of any one factor, although 
apparently negligible, may upset the calculations and render 
theoretical results inapplicable to practical use. 

In Fig. 1, the fixed charge per cent per annum has been used on 
the basis of 13 per cent. No explanation has been given as to 
how this figure has been ascertained. In Fig. 2 it will be noted 
on the scale of Ice, Pounds per Square Foot per Year Conduction, 
that this was a constant value, whereas it should be variable, 
since the amount of the ice’required with a constant temperature 
difference would vary, depending upon the amount of salt used 
with the ice. For example, with the 11 per cent salt referred to 
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by the authors about 10 per cent more ice will be required for a 
given amount of refrigeration than if the ice is used without salt, 
because if salt is used the water will be discharged at a temperature 
of about 14 deg. lower than if no salt is used. 

In Fig. 3 the first intermediate scale calls for the density in 
pounds per cubic foot, and opposite the various values on this scale 
are values for common insulating materials, 19 being given for hair 
felt. This figure is apparently for compressed hair felt, and as hair 
felt used for car insulation is not compressed, this value should be 
approximately 9. The value on the scale was undoubtedly taken 
from tables published by the Bureau of Standards, but does not 
represent correctly the density of the material in pounds per cubic 
foot. Accordingly this has led to miscalculation in the tables fol- 
lowing which were used for drawing up the curves in Fig. 5. 

The writer believes that the authors have used in the calculations 
figures obtained from the Bureau of Standards on Keystone hair 
felt, which is covered on both sides with a waterproofing paper. 
It is entirely different in construction from standard hair felt, al- 
though the term “hair felt”’ has been used throughout the paper. 

The correct density of standard hair felt 1 in. thick is 9 lb. 
per cu. ft., and the conductivity in B.t.u. per sq. ft. per inch thick- 
ness per deg. fahr. difference in temperature per 24 hr. is 5.9, and 
for the Keystone hair felt the density is 103 Ib. per cu. ft. and the 
conductivity in B.t.u. per sq. ft. per inch thickness per deg. fahr. 
difference in temperature per 24 hr. is 6.5. These values, of course, 
will change materially the curve shown in Fig. 5 for the hair-felt 
ceiling. The most pronounced feature due to the lessening of the 
weight is the flattening of the curve for hair felt. Fig. 10 shows 
the insulation economics for both Keystone hair felt and standard 
hair felt. The third curve indicates the result obtained using the 
heat-conductivity value used in the paper for hair felt, but using 
the revised weight and interest values in accordance with the true 
figures fer Keystone hair felt. 

The economic thickness for the standard hair felt on the new 
chart is 2} in., and for Keystone hair felt is 1f in. These figures 
check very closely with recognized standard practice throughout 
the United States and Canada for refrigerator-car design, excepting 
that it has been found in practice to require not less than 2} in. of 
insulation in the roof of either 4-in. Keystone hair felt or standard 
hair felt. This accords with the recommendations of the United 
States Department of Agriculture, and is based on results obtained 
from a great number of tests of transcontinental perishable-fruit 
trains. It is unquestionable that it is necessary to provide more 
and better insulation in the roof than in any other part of the car. 

This brings in another variable that has been neglected, i.e., 

the loss and damage claims actually found in refrigerator-car 
operation due to spoilage of perishable products, especially the 
top layers as commonly carried in refrigerator equipment. Carriers 
report loss and damage claims amounting to $14,500,000 as paid in 
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1921 on fruits and vegetables alone. Fig. 5 does not, therefore, 
indicate the true economic thickness, since any reduction of insu- 
lation over present common and established practice in the weakest 
part of the insulation, that is, the roof of the car, would necessarily 
increase these claims considerably. 

The paper throughout would seem to establish that a new field 
had been found for the use of regranulated cork, which consists 
of the sawings and trimmings from pure corkboard. Its one 
advantage of initial low first cost is offset by several factors. Its 
thermal value is 27.2 per cent less than standard hair felt and 
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15.4 per cent less than Keystone hair felt per inch of thickness. 
Also, on the same basis of modern refrigerator-car equipment 
requiring 23 in. of insulation in the ceiling, it would be necessary 
to use not less than 33 in. of regranulated cork, with a consequent 
increase in weight per car. Furthermore, nothing is said of the 
practical application of regranulated cork, but it is assumed that 
this material is packed into place, and while the paper confines 
the calculations to the floor and ceiling, undoubtedly it would be 
the intention to use this same material in the side and end walls. 
This would present considerable difficulty as regards its application 
and permanency. The tendency of the material is naturally to 
pack, and due to the buffing shocks, vibration, etc., when refrigera- 
tor cars are in motion, it would tend, especially in the side walls, 
to leave an open space for a considerable distance between the 
side plate and the side sill of the car. It does not seem practical 
to allow any opening for applying additional regranulated cork - 
as the mass settles. 

Before regranulated cork is used for car insulation its absorption 
of water, which would materially decrease its power of insulation, 
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should be thoroughly considered. When outside air, which always 
contains some degree of moisture, is cooled due to leakage through 
the insulation, the degree of saturation is increased up to the dew- 
point. Condensation will then occur and water will be deposited 
in any granular filling material through which air may circulate. 
This moistening will begin with the interior portions of the material, 
and capillary attraction will tend to distribute the moisture through- 
out the thickness of the material. This tends very materially to 
increase the packing of the granular material and greatly lowers 
its insulating value. 

Experience with cold-storage insulation has shown that granular 
materials such as sawdust, etc., become saturated with moisture 
throughout their mass. On the other hand, experience in refrigera- 
tor-car practice has likewise shown that hair-felt material, which 
is always applied in blanket form, is not seriously affected by 
moisture. As a matter of information, it is entirely possible today 
to reinforce hair felt as well as to waterproof it. 

In the puncturing of side walls or periodical replacing of damaged 
outside sheathing there would be entailed a great loss of any 
loosely packed insulation such as regranulated cork. 

The writer wishes to call attention to Dr. M. E. Pennington’s 
discussion of W. H. Winterrowd’s paper! before the A.S.R.E. 
and A.S.M.E., wherein she referred to the fact that air spaces in 
refrigerator cars are unsatisfactory for insulating purposes as it 
is impossible to keep the compartments tight. This has been 
proved in actual practice, and, while there is no question but that 
these spaces have a certain value, they do not compare in any 
way with refrigerator-car insulations now in common use. 


P. Nicuouus.? While fully supporting the free use of calculating 
charts, the writer questions the logic used in the second paragraph 
of the paper. Any chart must be plotted from an equation and 
is a sequence to it. As to whether they are needed or will be 
time savers depends on a number of factors, the two most important 
being as to how often and continuously they will be used, and the 
type of arithmetical computation involved. In this particular 
illustration only simple multiplication and division are involved, 
and could as speedily be done on a slide rule. It would have been 
an aid to have included an equation for the economic thickness 
derived directly from the factors. 

It is also suggested that to obtain full advantage from such 
charts, where several are required for one calculation, and especially 
when they are to be used to plot curves such as Fig. 4, a typical 
ruled form should be included to show how the derived items 
should be recorded and summed up. Doing this gives the maximum 
protection to the user, and avoids the need of consulting the text 
each time they are used. 


1 Refrigerating Engineering, vol. 9, no. 2, Aug. 1922, p. 62. 
2 A.S.H. & V.E. Laboratory, Bureau of Mines, Pittsburgh, Pa. 
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As a large number of cars usually will be made to any one design 
adopted, an intense study probably would be warranted, and for 
each type being considered curves such as Figs. 4 and 5 would be 
plotted. It can also be believed that costs so derived would not 
be the sole deciding factor, since to only a few of the factors for 
or against each insulation and thickness could monetary values 
be assigned, and others would involve the probability of certain 
events happening. The final decision would then be by guess or 
authority. 

The authors have done good work in collecting the data on the 
factors and showing how they are interconnected. If any further 
advance is to be made in the attempt to fix the thickness auto- 
matically by comparing monetary costs, it will be attained by 
tabulations of experience reduced to probability values. 


H. J. Kramrr. The purpose of the paper is commendable but 
the authors have apparently lost sight of the commercial factors 
in the preparation of it. These factors may be listed as the 
initial cost of material delivered; the cost of installation; and the 
depreciation, both in resistance to heat flow and in length of service. 

In initial cost the items necessary to the proper erection or in- 
stallation of the insulation must be considered in addition to the 


. material itself. Car builders are at present giving this subject 


much attention, which is a probable reason for the recent tendency 
to change refrigerator-car design. 

The: writer agrees with the contentions of Mr. Nicol that the 
loss due to damage claims has been instrumental in improving the 
insulation of refrigerator cars, and that granulated cork and 
mineral wool pack. He does not agree with him that granulated 
cork will absorb moisture as rapidly as some of the insulators of a 
fibrous nature, having more or less capillary attraction, depending 
on its location in the car. The lower the position in the car the 
more necessary it is to eliminate capillary attraction and moisture 
conditions, which is probably the reason for the adoption of cork- 
board in the bottom of the car first. The Merchants Dispatch, 
which probably was the first to use corkboard in its cars, recently 
found that the corkboard installed in the bottom of the car eight 
years ago was in excellent condition. This substantiated their 
original conclusion that this was the proper material for the bottom 
of the car. 

The suggestion that Celite might be combined with granulated 
cork, as a component to reduce packing, would be good were it 
not for the fact that Celite will absorb moisture and thus introduce 
a factor we are trying to eliminate, since moisture will depreciate 
the resistance to heat flow. 

Air spaces will prove objectionable, for the reason that they 
mean a greater total thickness of car walls. They thus reduce 
the cubic contents of the car, and hence affect its carrying 
capacity. 
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Wiis H. Carrier. The effect of moisture on the conductivity 
of insulation is a factor that should be emphasized. Most tests on 
insulation have failed to take this factor sufficiently into account. 
The test pieces have not corresponded to actual conditions, where 
there is leakage and infiltration causing much precipitation of 
moisture. 

Any porous insulating material, particularly if it is hygroscopic, 
will become practically saturated when used with a cold surface 
on one side and air of high moisture content on the other. Tests 
for insulating values should be made under such practical con- 
ditions, and there would probably be a wide difference in values 
if this were done. Our experience in insulating air ducts and 
piping is that nothing is equal to corkboard. Although it is more 
expensive in unit cost than other materials, the actual expense of 
the other materials is greater because they do not give as good 
results. They require a greater thickness to be used, largely 
because of this factor of moistening in an atmosphere that is of 
higher dewpoint than the temperature on the interior. 


Frep Matruews. The paper under discussion should be taken 
as evidence of what may be expected under certain conditions and 
not as proof of what will actually occur under other conditions. 

There are always certain dangers inherent to preliminary dis- 
cussion regarding things that have not been reduced to practice, 
due to the fact that the results given, in such a paper as this, for 
example, may be misinterpreted, the evidence being accepted as 
law. To illustrate, reference to paper, either corrugated or plain, 
may lead to attempts at the actual building up of insulation from 
many thicknesses of paper, which would have all of the disad- 
vantages of air spaces, and in addition the high capillarity of the 
several sections of paper. In low-temperature work the air enters 
saturated with moisture, and on encountering the lower tempera- 
ture depgsits its moisture and passes out, the process being’ repeated 
until the insulation becomes saturated or, in case of very low 
temperatures, the air spaces become filled with ice. 

Regranulated cork, which is sheet cork, has a high insulating 
value and as such is valuable. The principal difficulty regarding 
regranulated cork is to keep it contained!’ Where regranulated 
cork is packed in a wall the slightest air leak, if there is an outlet 
as well as an inlet, may actually sweep this fine material out; 
and if a leak occurs at the bottom of the space filled it will actually 
run out like sand through an hour-glass. Regranulated cork is 
not readily water-absorbent as has been implied and should not 
be compared to ‘‘sawdust.” 


Tun Avuruors. For the most part, the discussion has touched 
upon the less significant features of the paper. The authors are 
interested only in presenting a method for solving a certain class 
of problems and the values taken were primarily to illustrate 


the method. 
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In attempting a satisfactory solution, it was necessary to study 
carefully into new fields, where the data were either meager or were 
unclassified. The following are among these questions: (a) The 
extra cost to haul extra weight of insulation and the bearing of 
this factor on economical thickness; (6) method of approximating 
the average temperature differences between inside and outside 
of a car. Properly applying Fig. 6, 7, or 8 may prove of con- 
siderable service to designers; (c) roof-temperature corrections as 
brought out in Fig. 9 give the results of an individual study of a 
neglected factor, where radiant heat is important. 

Mr. Nicol implies that the elimination of any one factor may 
upset the calculations. The authors fully appreciated this and 
in closing the paper stated that the most intricate problems may 
be solved ‘‘if full information is obtained concerning the factors 
involved.” The most elusive factor is loss and damage claims. 
It does not seem desirable even to attempt to introduce factors 
which depend on so many variables beyond the control of the 
shipper, since in the problem under consideration we attempt 
to base the costs only on figures which would not vary widely for 
different shipments. Even with perfect insulation, railroads 
may be liable for spoilage claims, partly on account of the present 
design of bunker systems, over-ripe fruit, delays, flat wheels, etc. 

Mr. Nicol is right in stating that the upper curve, Fig. 5, was for 
Keystone hair felt and that the values for conductivity and density 
were taken from the tables by the Bureau of Standards. We were 
aware that this brand of hair felt was frequently used in refrigerator 
cars.!. Our curves in Fig. 5 are correct for the values assumed and 
his curves, Fig. 10, are also correct for the conditions he has taken. 
They both bring out the importance of the factor of weight, a 
consideration generally overlooked. The authors have recently 
learned that the Bureau of Standards’ tests on ‘‘hair felt’? and 
“Keystone hair felt’? were made in 1916, and it would be im- 
possible now to check the density of the particular samples tested. 
The density figures given for these two materials are considerably 
higher than should be expected for these materials as they are 
actually used at the present time. The density was originally 
measured by weighing the samples and dividing by the volume 
when actually in place in the test apparatus. Compression would 
therefore increase the density. 

Mr. Herter adds some valuable points. We question his sug- 
gestion of making ceiling temperature only 10 deg. warmer than 
floor temperature. Tests do not bear him out, except in case of the 
less common overhead system of bunkers such as A. B. C., Moore, 
etc. The average trip of a refrigerator car is only for two or three 
days and during this time the difference between floor and ceiling 
in end-bunker-type cars was found to be what we have shown. 
Furthermore, with the end-bunker cars a considerable temperature 


1 Note the tabulation in Mr. Winterrowd’s paper, Trans. A.S. M.E., 
vol. 44, p. 163. 
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head is required to circulate air, and although thicker ceilings 
might reduce ceiling temperature somewhat it would not be as 
much as might be expected, because the reduced circulation 
would not be able to keep the ceiling at a much lower temperature. 

The specific heat capacity of insulations probably would enter 
into cars insulated insufficiently or only moderately; however, 
this does not seem to be serious in amount, and would be less for 
cars with generous insulation. The structural walls of the car 
may afford more specific heat capacity than the insulating materials. 

Mr. Krampe evidently overlooked the point that the paper is 
devoted exclusively to the “commercial factor’; economics is 
nothing if not commercial. The factors he mentions as omitted are 
there, and others can readily be introduced if accompanied by 
sufficient and authentic data. We would also state that be- 
tween the roof and ceiling and between the floor and bottom of the 
underframing there is ordinarily room for about ten inches of 
insulation without reducing cargo capacity, but the wall space 
is limited. Opinions seem to conflict on the question of keeping 
air-space compartments tight. The best information we have is 
favorable, at least up to two or three years of service. For a longer 
period, we have not been able to secure reliable information or 
data. 

We are fully aware of the difficulties of keeping regranulated 
cork contained, as noted by Mr. Matthews. On the other hand, 
where the economic value is so evident, the practical difficulties 
should not prevent further efforts to meet this apparent shortage. 

The authors do not feel the same concern as does Mr. Matthews 
for fear that the results will be misinterpreted. Those who fail to 
grasp the meaning of a paper of this kind may distort the facts, 
but those who are concerned with the analysis of the problem and 
the design of insulating structures should not be misled. In his 
first sentence, Mr. Matthews sums up the intent of the authors. 

It is true, as intimated by Mr. Carrier, that the effect of moisture 
on the insulating value of materials should not be lost sight of. 
This is a problem which should bear careful investigation by 
use of one of our new “heat meters,” referred to in Par. 20 of 
the paper. 
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THE FUNDAMENTAL PROBLEMS OF 
HYDROELECTRIC DEVELOPMENT 


By Joun R. Freeman!, Proviwence, R. I. 
Member of the Society 


WE. are now in the midst of the greatest activity ever known 
in hydroelectric development and problems of unprece- 
dented magnitude are before us.? 

2 Codperation between our great national engineering societies 
in discussing these great national problems, in which the works of 
the civil, the mechanical, and the electrical engineer are closely 
interwoven, is both pleasant and profitable. In the hydroelectric 
field the several engineering specialists must all work together 
from start to finish. One cannot begin where the other leaves off. 

3 Today the most fundamental problems of hydroelectric de- 
velopment, interconnected power, and superpower are those of 
public relations and future public welfare. 

4 This kind of a meeting may serve a useful purpose far beyond 
that of interchange of information between specialists in power 
development, if it can interest engineers working outside of this 
special field in the broad aspects of some of these fundamental 
problems. 

5 Conferences on this topic will have their greatest usefulness 
if they can be made to arouse a campaign of education among the 
voters and their representatives in legislative halls, toward re- 
moving the present lack of understanding and make plain the true 


1 Cons. Engr. Past-President A. 8. C. E.. and A. S. M. E. 

2 We are told applications have been filed with the Federal Power Com- 
mission alone (which is far from covering all water-power prospects) for 
projects involving the installation of more than 21 million horsepower and 
that they have issued permits and licenses for an aggregate of 7 million 
horsepower. Meanwhile the sum total of water horsepower already devel- 
oped in the U.S. is only 9 millions. (Figures on authority of O. C. Merrill 
in the address mentioned in following footnote.) 

Perhaps, like most water-right filings in the West, these power-right 
filings are too optimistic in their estimates; nevertheless these figures tell a 
story of a wonderful awakening. 


Address at the Hydroelectric Session of the Annual Meeting of The 
AMERICAN Socipty oF MxrcuanicaL ENGINEERS, New York, December 
3 to 6, 1923. 
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relation to public welfare of widespread transmission of hydro- 
electric power.} 


Score oF DIscuUSssION 


6 The committee on this joint meeting has asked me to open 
this evening’s discussion. 

7 The A.S.M.E. Secretary tells me that society publications 
have been overfed with papers on station detail and that it is de- 
sired we now confine our talk to fundamentals. 

8 Iam asked to round up and set forth, so far as I can, briefiy, 
some of the chief underlying principles. Others who follow will 
amplify my remarks so far as the brief time allotted to each speaker 
will permit. 

9 None of us in this time and place can treat his subject exhaus- 
tively or minutely. The literature upon the details of power de- 
velopment would go far toward filling the famous five-foot book- 
shelf, and there is much of interest in recent developments that 
remains to be written up. 

10 Agreement is not to be expected among all of us, coming, 
as we do, from different fields, with different points of view; nor 
can we settle the great problems here. Our chief purpose must be 
to promote and direct discussions along useful lines among engi- 
neers, business men, and those in public life. 

11 The very fundamentals can be quickly stated: 

1 A hydroelectric prospect must show a profit on the in- 
vestment. 

2 It should be so developed as to contribute to public 
welfare in the highest degree. 

12 These principles seem so self-evident as to require no ex- 
tended discussion, but to prove up, on their application to a par- 
ticular prospect, may require an enormous amount of work. - 


CHANGE AND PROGRESS WITHIN SPEAKER’S MEMORY 


13 Possibly the committee selected me to open this discussion 
in the expectation that I would say something in a sketchy way of 
the fundamental changes in these problems that have come about 
within my memory, and compare past conditions and the methods 
of solving their problems with present conditions, as a preliminary 
to suggesting the directions in which to look out toward future 
progress from present achievement. 


1 This matter of creating a better understanding by the public in hydro- 
electric development and of the influence of hydroelectric development on 
the welfare of the state was admirably set forth a few months ago in ad- 
dress by Mr. O. C. Merrill, secretary of the Federal Power Commission, 
before the Empire State Gas and Electric Association, reprinted in the 
Electrical World of Oct. 20, 1923; which issue also contains a tabular view 
of the location in different parts of the U.S. of generating capacity (steam 
and water power), aggregating 17,715,484 kva., figures that the mind can 
hardly grasp. 
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14 It is a little more than 50 years since I began work in the 
engineering office of the water-power company at Lawrence, Mass. 
At that time Lowell, Lawrence, Manchester, and Holyoke had come 
into their prime, and often were visited by engineers from other 
parts of the United States and from foreign lands; and often, as 
a youngster whose time was not particularly valuable to his em- 
ployer, it was my good fortune to show these visitors around. 

15 Fifty years ago, there were no better water-power develop- 
ments than these, in America, or in the world. Here at Lowell 
and Lawrence the great problems of turbine versus overshot or 
high-breast water wheel had been worked out by Boyden, Francis, 
and Swain, and here turbine efficiencies had been achieved which 
stood unchallenged for nearly half a century. And in the testing 
flume (or hydraulic laboratory) at Holyoke the way had been 
shown toward obtaining larger power in smaller compass than had 
before been even dreamed of. Also at Lowell and Lawrence, in 
these early days, under Storrow, Francis, and Mills, the art of 
measuring large quantities of flow of water accurately had been 
worked out better than elsewhere. Storrow was the best-educated 
engineer of his day in America. Boyden, Francis, Swain, and Mills 
were men of genius. 


Costs: Hypro vs. STEAM 


16 The fundamental question about water power that I heard 
most debated 40 to 50 years ago was its relative cost compared 
with steam power. That question is still with us. Every customer 
of the power company had ideas on this topic; but we had object 
lessons that water was cheaper in the price that the water-power 
company actually obtained from those factories which had emer- 
gency steam engines standing idle. 

17 Rates for water at Lawrence had been shrewdly put at 
nearly as much as the traffic would bear, about $20 per hp. per year 
for the mere right to draw water for power from the canals nominally 
16 hours per working day but actually about 10 hours. At Holyoke 
the price had been much smaller, but all primary power had been 
sold out long ago, mostly to paper mills for 24-hour use. 

18 The earlier American factories nearly all sought water- 
power sites, but the perfection of the steam engine with automatic 
cut-off already had brought it into close competition with the water 
wheel. Power cost is but one of many factors determining loca- 
tion, and more steam-driven cotton mills were being built 40 and 
50 years ago than those driven by water power. It was found 
that prompt and cheap transportation for raw stock and finished 
product, or the easy labor market of great cities, were often stronger 
attractions than a small saving in power cost for textile mills and 
machine works, where power was a small proportion of total cost of 
manufacture. Moreover, steam power often could be made cheaper 
than water power for woolen mills, dye houses, etc., by conserving 
the heat of the engine exhaust. 
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19 Steam power presents to the capitalist one great advantage 
in the degree of certainty with which a preliminary estimate of 
cost of complete plant can be made. The margin for doubt, .acci- 
dent, and contingency is small with steam, while the opposite is 
true with regard to water-power development because of dangers 
of a destructive flood that may overwhelm cofferdams, bad founda- 
tion conditions for dam or wheel pit — revealed only after exca- 
vation has been largely opened up — and sometimes grievously 
large awards for flowage damage. 

20 Most of the southern New England water-power sites 
that could be developed economically had been already occupied, 
and many water powers on streams of small and irregular flow had 
been developed that would not today be worth while; although 
once built and the cost absorbed, it still pays to run them. Where 
water power had fixed the location, often growth in power demand 
had to be met by steam, regardless of cost, and a common condition 
found at the larger country mills was that of employing more steam 
power than water power. Lowell, 40 years ago, had come to have 
twice as much steam power as water power (as I remember the 
figures). 

21 Fifty years have brought a wonderful increase in the amount 
of power used and in methods of developing it, but costs per horse- 
power in the broad view show small change. The cost of coal has 
doubled, but higher steam pressures, larger power units, the steam 
turbine, and the economies of the central station have cut coal 
consumption per horsepower-hour in half.t 

22 In water-power development the unit costs per pound for 
machinery and per cubic yard for structural material have doubled. 
Although the efficiency of the hydro unit has increased at best only 
from 83 per cent to 93 per cent (and for some time has been close to 
the end of the road), the costs of installation, maintenance, and 
supervision have been held down by a wonderful concentration of 
power into single units, under terrific head, and by a revolution in 
the features of design for large developments, so that with all these 
changes there has been remarkably small change in 50 years in cost 
of either hydro or steam power in large quantity, reckoned at the 
prime mover. 

23 And in all these new schemes of superpower — St. Lawrence — 
power or steam stations at the mouth of the mine —I see no chance 
for any substantial reduction in power cost at wholesale below 
that which we now enjoy in either the near or the distant future. 


1 This refers to average practice of the times — not to the few best 
plants. An admirable review of the state of the art of steam-engine practice 
was prepared by John C. Hoadley in 1884 for the meeting of the British 
Association for the Advancement of Science in Montreal, and printed for 
private circulation under the title of Steam Engine Practice in the United 
States, which gives several examples of engine economy close to present-day 
standards of best reciprocating engines. The great change is to the steam 
turbine in the central station, with single units 50 or 100 times as powerful 
as the common factory engine of 40 years ago. 


JOHN R. FREEMAN 531 


Future Hoips Smauyt Hore or CaHrarer PowrEr 


24 In a broad review and for a round figure we may regard 
es general station cost today, hydro or steam, as 1 cent per 

w-hr. 

25 One cent per kilowatt-hour is equivalent to $22.36 per 
horsepower year for 10-hour power drawn on 300 working days. 
Although I have no recent or broadly collected figures, and freight 
rates on fuel cause wide differences in cost, it appears probable 
that few textile factories in New England with the best large recip- 
rocating engines are now obtaining their power for less than, say, 
$30 per hp-year, which would be about equivalent to 1.5 cents per 
kw-hr. for 9 working hours where all costs are reckoned in. I am 
told that the best large stations today can cut this figure in half, 
for cost at bus bar. It is estimated that with units of 30,000 
kva. — steam at 600 lb., coal at about $5—the cost at bus 
bar can be brought to 6 mills per kw-hr. under a favorable load 
factor, and there are a few great hydro stations at localities 
that are few and far between where it is reported power can 
be put on the bus bar at 3 mills per kw-hr., including all proper 
charges. 

26 But on top of the station cost there must be reckoned a 
substantial cost of distribution, and there are large stand-by 
charges in the yearly load factor of a 9-hour day. 

27 Let us not be too optimistic about cheaper power coming 
from St. Lawrence, or from coal mines, over the superpower line to 
central New England or Greater New York. I, for one, strongly 
incline to the belief that factories in Lawrence will be glad to get 
water rights at the old figure of $20 per hp. 50 years hence, and 
that 1 cent per kw-hr. (perhaps 1.25 cents) at wholesale in big 
blocks will be the lowest price or cost attainable by the great 
factories at Lowell and other Mid-New England industrial centers 
50 years hence and in all the years between. The great benefits 
of the superpower system and of the distant sources will come in 
lessening the investment of capital by the industrial pioneer, and 
in many other ways than by reducing present costs per horse- 
power-hour. 


THe Start or A New Era 


28 In general, 30 to 40 years ago water-power developments 
were moving slowly, waiting for the great impetus soon to be given, 
first by the enormous increase in the demand for cheap paper 
from wood pulp, and next by long-distance electrical transmis- 
sion, followed, 10 years later, by demands of the electrochemical 
industries, particularly that of making aluminum from purified 
bauxite. 

29 The U.S. Census for 1880, under the broad vision of its 
director, Gen. Francis A. Walker, later president of Massachusetts 
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Institute of Technology, published two big, thick volumes on 
water-power development, based largely upon field inspections by 
George F. Swain, Dwight Porter, Herman Hollerith, and others 
among our members since become famous, which was a thoroughly 
admirable review of the state of the art and extent of development 
in the U.S. 43 years ago, and was so instructive a piece of history 
that we may well urge that the next census prepare a similar vol- 
ume which will set forth, with authority, the wonderful story of a 
half-century’s advance in the manufacture of power, both water 
and steam. 

30 Thirty years ago the greatest modern power consumers — 
electric railways and municipal lighting systems — had scarcely 
been brought into existence by the use of alternating current and 
long-distance transmission, and the great water-power sites in 
northern Maine, northern New Hampshire, New York, and Ver- 
mont had not been called largely into use by the modern demand 
for newspaper pulp. Thirty years ago the water-power company 
at Lawrence still had water rights for factories unsold, while cus- 
tomers were slow in coming. Along each of the chief New England 
rivers were undeveloped power sites, at least one of which still runs 
to waste. 

31 I saw something of the pioneering work in high-speed 
engines, for I knew intimately John C. Hoadley, deep student, 
prophet of the great future of power, and most lovable of men, and 
was well acquainted with his shop and his assistants, Pardon Arm- 
ington and Gardiner Sims, when they were building high-speed 
engines for the early small Edison generators. Sims showed me 
one of these running at about 1000 r.p.m. as the very end of things 
in speed. They put Hero’s steam turbine on the title page of their 
catalog as typifying speed in steam power; far from imagining 
that its modern development in the great central-station turbine 
would spoil the business of building reciprocating steam engines 
and shut up most of the iarge engine works. I was a bystander at 
several of the early, tentative installations of the dynamos of Brush 
for arc lighting, and of Edison for incandescent lighting, as these 
were tried out in a hesitating way for lighting a few places in 
factories and streets. 

32 How pitifully small those first plants now seem! And how 
wonderful were the developments of the next 25 years! The great 
Corliss steam engine, at whose gigantic frame we marveled at the 
Philadelphia Centennial — the dominating central feature of the 
great machinery hall — was only of about 1300 hp.!} 

33 The ponderous steam engines used in emergencies, such as 
backwater or drought, at the Pacific Mills, the Atlantic Mills, and 
the old Washington Mills, at whose majestic proportions and giant 
power we youngsters marveled, were each of less horsepower than 


} Steam pressure at throttle, 100 lb.; cylinders 40 in. diameter, 10 ft. 
stroke; 36 r.p.m.; cut-off at 25 per cent of stroke. 
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the Liberty motor, model of 1918, in an airplane, weighing 825 lb. 
and giving 450 hp. 

34 Few of the largest water turbines in Lowell or Lawrence 
were of more than 200 hp. each. An 80-in. Swain wheel of about 
800 hp. put in at Lawrence about 45 years ago was regarded as a 
monster, as “the most powerful turbine ever built,” and finally its 
buckets (of cast-in plates) broke loose, unable to stand the strain 
of 30 ft. head. 

35 The one turbine which I saw started at Pit River, California, 
last October, under about 450 ft. head, had more power (40,000 
hp.) than all 65 of the Lawrence turbines combined, plus all of the 
Lowell turbines. And a single one of the recent turbines at the 
Queenston-Chippawa plant developed 60,000 hp., or more than the 
total obtained in all three of the old water-power cities — Lawrence, 
Lowell, and Manchester — from the Merrimac River, which we 
used to say was ‘“‘the hardest-worked river in the world.” 

36 Things were moving slowly in water-power development and 
we felt we were near the summit of things, until two new factors 
came over the horizon: wood pulp and electrical transmission. 

37 Steam felt the new stimulus 10 years before hydro woke up, 
but since that time a merry race has been on between the two, 
both in size of unit and in economy of service; first one winning — 
and then the other, as circumstances favored, and the end is not 
yet. 

38 The changes of 30 years are far less in the cost of power 
than in the scale on which it is developed, its widespread distribu- 
tion, and its ever-increasing uses. 


Power, FounpprR or A New Lpocu 


39 Twenty-eight years ago I heard George 8. Morison, Presi- 
dent of the Am. Soc. C. E., deliver his presidential address on the 
New Epoch in Civilization Opened by the Manufacture of Power. 
His statement was so strong and clear that its keynote has been 
ringing in my memory through all these years. Later this was com- 
bined with a Phi Beta Kappa address at Harvard and an address 
at Rensselaer Commencement, on other aspects of the same topic, 
and published in a little volume under the title, The New Epoch. 
Edward Everett Hale told me that Morison’s was the most in- 
spiring Phi Beta Kappa address to which he had ever listened. 

40 President Morison developed his thesis that just as the 
several steps in the advance of human kind, from animal instinct, 
through savagery and barbarism, to civilization, had resulted 
successively from the use of fire, from the invention of the bow and 
arrow, the invention of pottery, the domestication of animals, and 
the manufacture of iron or bronze, until the epoch of civilization 
began with the invention of a written language, which stored up 
the observations and experience of one for the benefit of all who 
followed; so now a new and far-reaching epoch in civilization had 
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begun with the manufacture of power, increasing the power of the 
hand of man almost without limit, and making neighbors of all 
the world. And he argued that this new epoch had hardly begun, 
although the power expended by one of the great steamships of 
25 years ago in a single voyage across the Atlantic was greater than 
that required to take from the Nile and place into final position 
every stone in the Great Pyramid! 

41 Since Morison’s time the advance has gone on with a stride 
that has far outstripped even his vision. 

42 Kind and appreciative words should be spoken of the finan- 
ciers of vision who have risked much and sometimes lost heavily in 
pioneering on these great machines by which the general welfare 
has been so greatly advanced. A high officer of one of the big 
concerns told me how more than $200,000 had been spent without 
success in developing a new steam turbine, and the whole seemed 
about to be sorrowfully charged off and the scheme abandoned, 
when after a long debate, just one more allotment of $10,000 was 
granted with the firm agreement all around the board that this 
should be the last — and this last-chance grant brought success. 

43 The great bydraulic turbine has become one of the most 
marvelous machines ever fabricated by the hand of man, marvelous 
in the efficiency with which it can extract 94 per cent of the energy 
of a great falling current of water in the short space of 3 or 5 ft. of 
travel through its runner within less than one-tenth of a second of 
time! And it can do this 24 hours per day, 7 days in the week, 
year after year, with marvelously small cost for care and oversight. 
The wonder of all this came over me a few months ago in a hydro- 
electric plant of 30,000 kva. with only two men present to care 
for it all! Picture two men guiding and grooming not that famous 
20-mule team, but one of 40,000! 

44 Next day I got the superintendent at another plant near by 
to hoist the spillway gate so as to let a quantity about equal to the 
. discharge of one turbine fall nearly a hundred feet; and watched 
its tremendous display of force in high foaming surges and tumbling 
eddies, in comparison with the quiet discharge of equal volume from 
which the nearby turbine had extracted the energy. Such a dis- 
play of force appealing to the eye speaks louder than words of this 
triumph of engineering in controlling one of the great forces of 
nature for the benefit and convenience of man.. 


CHANGE OF Merruop In SoLvinc PRoBLEMS or DEVELOPMENT 


45 I recall with much interest that about 40 years ago, Sir 
Paget Higgs, of England, knighted for services in laying the first 
successful Atlantic cable and an interested student and prophet of 
electrical development who had become fascinated by the idea that 
when a direct electric current was led into an electrical generator 
it would run this backward and convert it into a motor, came to 
Lawrence to study its water power and the uses thereof in the 
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factories, chiefly to find out if there was important practical use 
for electrical transmission of power; and I had the good fortune 
to act as his guide along the power canal and through the Pacific 
Mills. In the evening I heard him hold forth at the chief literary 
club of the city to local captains of industry and business men. He 
was regarded as ‘interesting, but too visionary.” The verdict 
was that there was nothing practical in his great idea! 

46 The most fundamental changes in scheme for developing a 
great water power that have come in the past 30 years have come 
from the distribution of power by electricity. Then water was dis- 
tributed to the turbines, now the power is distributed to the machines 
in the factory. 

47 The scheme followed at Lowell, Lawrence, Manchester, 
Holyoke, and at most of our large old-time factories, of building a 
dam near the head of the rapids and distributing water by long 
canals, has been put badly out of date by electrical distribution.! 
Now canals are abandoned, the power house is built into the dam, 
notwithstanding the cost of the dam may have to be vastly in- 
creased by building it of greater height down near the foot of the 
rapids in order to use the whole fall; or if the dam is not placed 
at the foot of the fall, a deep, long tailrace is excavated instead of 
a canal. 

48 Some of the most revolutionary changes are: 

a Dispensing with a long power canal controlled by head gates 
by building the power house into one end of the dam and thereby 
lessening ice troubles and making efficient any surplus of flood 
head, instead of losing it by throttling in sluiceways and canal 
head gates. 

6 Higher heads on turbine —even to 825 ft. as against the 
common old 30- or 40-ft. limitations — are made practicable by 
stronger design. 

c Dams are built to the extreme limit of height permitted by 
river bank and flowage rights, by means of larger tools and with 
greater confidence about the theory of design, so as to form the 
largest practicable storage reservoir and give both better storage 
for peak loads and flow, for Sunday storage, and for a drought 
reserve. Whereas, in the old days 30 ft. was about the ordinary 
limit in height for dam and 10 ft. the prudent limit for crest depth 
in floods, one now does not hesitate at water-power dams more 
than 100 ft. in height, and fears not whatever crest depth the flood 
may bring. 

d The siphon spillway has become well established as a safe and 
efficient means for conserving the power of heads up to nearly the 
full limit of flowage height and meanwhile adding largely to the 
volume of storage available for regulation. . 


1 How a new departure in the power layout of Manchester, N. H., was 
made two years ago, has been told in a professional paper by Arthur T. 
Safford, Mem. Am. Soe. C. E., published in Proceedings of the Boston 
Society of Civil Engineers. 
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e Turbines are made far larger than formerly, are given the high- 
est practicable speed consistent with maximum efficiency, and the 
number of units at one site is made the fewest possible. 

f The old-time ponderous bevel gears on top of the turbine, 
with their frequent breakage of teeth, are unknown in modern 
design; and the shift from vertical to horizontal axis of turbine 
for a more efficient attachment of main driving belts or generator, 
now is far in the background. Inside the factory great toothed 
gears, heavy lineshafts, and great belts for distributing power 
from water wheel or engine have mostly become things of the past. 

g Nearly all friction loss of transmission from turbine to gen- 
erator is avoided by placing the generator on the top end of a 
vertical turbine shaft, and notwithstanding enormous increase in 
weight of runner and rotor up to four hundred and eighty tons, for 
example, the troubles of the old-time foot step bearing have been 
done away with by top suspension, or by a bearing in which vis- 
cosity drags the lubricant under the load. Four hundred and eighty 
tons spinning around apparently lightly as a schoolboy’s top, 
“asleep,” surely is a marvelous triumph of engineering! 

h Turbines are made taller and so designed as to obtain highest 
efficiency when at less than full gate opening, thereby providing a 
surplus of power, or overload capacity, for emergencies and speed 
regulation. 

i The high-speed runner, trimmed down almost to the propor- 
tions of a ship’s propeller, is establishing a firm place for itself in 
the economics of design for special conditions. 

j The utmost care is taken in design to prepare smooth passages 
and easy curves for the water passing through, and a spiral approach 
for further lessening eddy loss is now universal. (It is worthy of 
note that Uriah Boyden, the hydraulic genius of 70 years ago, used 
spiral approach and top suspension in his best designs and made his 
price contain a bonus for each added per cent of efficiency ob- 
tained.) 

k The so-called Leffel type of speed gate, regarded in the old 
days as too “‘trappy,” too loose, and too leaky, has in these later 
years become glorified by accurate machinery into the standard 
type for all makers and up to the very largest sizes. 

| The ideal of the automatic hydroelectric station for small 
powers is here in such perfection that after filling the oil cups on the 
bearings one can depart, lock the door, leave it in solitude for a day, 
perhaps for a week; starting, stopping, and regulating, all under 
control of the man who throws a switch or presses a button, miles 
away. 

m The electric steam boiler has become an economic possibility 
for absorbing surplus power until profitable customers can be found. 
With steam coal at $10 per ton, the equation stands giving a value 
at about $13 per hp. per year for continuous 24-hour, 7-day power 
(the precise figure varying a little according to the respective effi- 
ciencies of the coal-heated boiler and the electrically heated boilers 
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compared). Correspondingly with $5 coal, the equivalent power 
price would have to be about $6.50 per 24-hr. hp. per year, or less 
than the mere interest, exclusive of maintenance, on an irreducible 
minimum cost of development. For heat processes, as, for example, 
wood-pulp digesters, the 24-hour demand is common and for such 
year-round, day-and-night work the electric boiler may be a great 
help in meeting interest charges during the early years. The hydro 
power could hardly enter the competition and earn dividends on a 
27 per cent annual load factor, which corresponds to 8 hours’ use 
daily for 300 working days per year, unless coal was costing more 
than $40 per ton. 

n The foregoing changes relate to the power-house design. 
Other changes of even greater importance to the builder of a new 
factory have been brought about by the distribution of power by 
electricity throughout all parts of the factory and throughout city 
and county. Now the central station and the public-service cor- 
poration relieve the founder of a new industry from raising the 
large sum necessary for developing a water power or for buying 
boilers and engines. His capital is thereby conserved for building 
a larger factory, or if the new enterprise is something of a venture, 
he can try it out with a smaller investment. Moreover the econo- 
mies of large power units, of wholesale scale of operation, and the 
diversity factor in a widespread system permit him to buy his 
power cheaper than he could make it; and more than one large 
factory with a good steam power plant already installed has found 
economy in shutting it down and buying from the public-service 
circuits. (If he has a turbine he keeps it running merely to save 
fuel.) 

o One of the most fundamental changes of all is that of the view 
of the public toward water-power development. Formerly its 
only interest was in welcoming the development of power because 
of the benefits from employment that followed in its train, and 
with little or no thought of public control. Now where any general 
public service is to be given there is oversight by public officials at 
almost every step in development, and it is entirely possible that 
an unwise control may work harm to the long-range public welfare. 

49 This change has come through the development of wide- 
spread public-service power systems and their demands upon the 
natural resources of river flow, from the necessity of invoking of 
the state’s right of eminent domain in order to create a great de- 
velopment, or sometimes by reason of title still retained by the 
public in the river bed and reservoir sites essential to power de- 
velopment. 

50 A great awakening has been going on regarding the need of 
some public control, lest rights given up by the public, or possible 
to obtain only through legislative act, be capitalized at all the 
traffic will bear. 

51 The principle has already been established in some states 
that ‘‘Values inherent in a public resource developed and used in 
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essential public service by an agency created by law for that pur- 
pose shall not be capitalized in excess of amounts actually expended 
in acquisition,” and this seems right and for the best. 

52 Good practicable methods for safeguarding the public from 
unreasonable rates and invested capital from cutthroat competition 
or political confiscation are being worked out through public-serv- 
ice commissions, which promise much better service and much 
lower costs than possible through public ownership and a manage- 
ment under political control. 

53 There is not here time in which to go into detail about the 
reasons that have led to these changes, nor about the various 
dangers that lurk in unwise control. 


INTERCONNECTION OF POWER SYSTEMS 


54 In hydroelectric practice the facility of long-distance trans- 
portation of power is the outstanding achievement of the past 
20 years, and one of the most interesting features is the way steam- 
power and water-power installations at widely separated places, 
each pumping current into opposite ends of the same line, have 
come to supplement each other, economizing both power and 
transmission, uniting and interchanging the variable power devel- 
oped in the mountains or foothills from water which is plenty in 
springtime but scanty in midsummer, with steam power developed 
at the seacoast from seaborne coal or oil. The electric current 
flows with equal facility in either direction. 

55 It will surprise many to learn, for example, that more power 
is sent forth from the Narragansett steam station in Providence 
from its 60,000-hp. steam turbine, back into the country over the 
widespread lines of the New England Power Company, than is 
brought to the industrial centers near the coast from the northern 
Connecticut River and its tributaries. Hydroelectric companies 
on variable streams less favored with reservoir sites are becoming 
connected up with steam reserves at the seaboard, and all are 
rapidly becoming interconnected. 

56 Few persons not directly engaged in power transmission 
realize the extent to which this interconnection has been quietly 
going on. In Providence not long ago, within about ten minutes 
after a burn-out near the central station, power was flowing in 
from four neighboring cities, so that all went well. At Chattanooga 
last year I saw the great hydroelectric station completely shut down, 
and the whole flow of the Tennessee River held back half a Sunday 
for purposes of inspection, and meanwhile current was flowing in, 
sufficient for all demands, from the works of three or four other 
public-service corporations many miles away. 

57 Just now there is some confusion of thought in the present 
popular interest in superpower schemes between ‘‘superpower” 
from great new stations and the interconnection of central stations, 
by which one station can help another and by which the steam 
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station — far more flexible than the hydro in taking overload — 
can help out the hydro station in low-water seasons, while the 
hydro, in its flush times, can save coal to the steam station. 


Eacu Sire Has Its Own Prosiems 


58 Broad generalizations about water-power problems have 
more special exceptions than followings. Each prospective site 
for hydroelectric development has problems peculiar to itself, and 
on beginning an investigation the chief problem at any one site 
should be roughed out from the two different standpoints of 


1 Profit to investors 
2 Public welfare. 


59 From each standpoint both a close-up view and a long-range 
view into the future are necessary; remembering that the present 
value of a power site rests solely on possibilites of its profitable use. 
There are many enticing prospects of water falls on flashy streams, 
which investigation will show to have only the value that pertains 
to beautiful scenery, for perhaps 50 or 100 years to come. 

60 A site is of no more value for hydroelectric power than for 
a cow pasture except as its potentialities can be made to minister 
to industry or public welfare. And although its prospects may 
figure into many millions of horsepower-hours, one must first 
find the $100 or $200 per hp. to fit it to produce power, and before 
this one must know definitely what work there is that really needs 
this horsepower, what price it can pay per horsepower-hour or 
per kilowatt-hour, just how much of the power is ‘‘firm” or primary 
power, and for what part of the working hours, 365 days per year, 
this is surely dependable under adverse conditions of flood, drought, 
and ice. 


: PuBLic-WELFARE PROBLEMS 


61 These go beyond the scope of utility commission in its 
supervision and limitation of scope of development, prevention of 
cutthroat competition, protection against excessive charges and 
safeguarding good service; and reach out into considerations of 
conservation and promotion of favorable environment for good 
citizenship, and are up to the statesman rather than to the engi- 
neer; but the engineer must be on the alert to aid the statesman 
with facts. 

62 From the point of view of public welfare no sane man can 
question that it is better to utilize water power now running to 
waste than to be exhausting the future’s store of coal and oil, and 
therefore it is plain that the Government, in doubtful cases,.should 
turn the scale, if it can, by all reasonable helpfulness. ‘To plead for 
this we must know how great are the differences in costs between 
water power and steam power that must be overcome. 

63 No sane man can question that the development of indus- 
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tries scattered throughout the country is better for community 
life than crowding everything into great cities. In this aspect of 
industrial development — country village vs. metropolis — electric 
‘transmission seems thus far to have been hurtful rather than 
helpful. 

64 Let us look into this carefully and perhaps we shall come to 
sympathize with what both Maine and Canada are striving for in 
their restrictions upon the export of power, although neither may 
have yet found the best solution for its fundamental problem. 

65 Surely, as good citizens jealously guarding the future of our 
country, we should study these hydroelectric problems from a 
longer view than that of merely capitalizing a power site for the 
quickest return to that promoter who wakes up first to its value. 

66 Let us hope that some one with an extremely long range of 
vision can find justification for the millions of taxpayers’ money 
recently expended at Muscle Shoals. 


VALUE OF A WaTER-POWER SITE 


67 As to the value of an unused power site, or ‘‘mill privilege,” 
as it was called a half-century ago, the public is mostly misinformed, 
or uninformed. Commonly there are two sides to be considered 
and weighed in all of those cases where public ownership of water 
right river bed or reservoir lands is needed for the development. 

68 Such cases may raise four important problems: 

1 What price should the state receive (a) from a public- 
service corporation under state supervision as to 
rates and service; and (b) from a private manu- 
facturing corporation under no particular restraint? 
Should there be a difference? 

2 Should the state biock the enterprise until the time is 
ripe for a development by public funds, owned and 
managed by public officials (i.e., political control)? 

3 To what extent should the state promote hydroelectric 
development by public or by private means (a) for 
the purpose of conserving a supply of coal and oil 
for posterity and (b) for the purpose of later devel- 
oping new industrial communities in country dis- 
tricts, away from the great cities? 

4 The conservation of the limited supply of capital and 
labor for use where it will do the most good. 

69 ‘Those who represent the public in legislative halls often 
seem possessed of hazy and ill-defined views on all of these mat- 
ters, and engineers may well give liberally of their time in a cam- 
paign of education as a highly useful patriotic service. 

70 There is a widespread notion that almost any waterfall can 
be turned by hydroelectric development into a never-ending, 
ever-flowing stream of gold, with small understanding of the 
amount of capital that must be buried beyond recall in such a 
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venture, and on which interest must be paid or income found if 
capital is to be conserved. 

71 Those who talk of the public’s being robbed of its birthright 
by turning over for a nominal price or rental the potential resources 
of flowing rivers at rapids or falls to great, soulless corporations, 
mostly seem to have done neither clear thinking nor accurate 
estimating, nor to have made a close study of any particular real 
prospect. There may be circumstances where if a new industrial 
center or community “in a green country town” can be founded 
by coaxing capital to take the risk of a new power development, 
the state or nation may wisely remit all rental price for whatever 
the public owns that stands in the way, from motives like those 
that lead enterprising boards of trade to offer free sites and even 
subsidies to attract industries to their town. 

72 Nor do many of these who talk loudly about development 
by public funds from taxation and operation under public officials 
as a source of profit to the public or as a means of stimulating in- 
dustry by cheaper power, have any conception of the rapid rolling 
up of compound interest upon those parts of a large investment for 
whose product there is no immediate customer. 

73 In the great early American power developments at Hol- 
yoke, Mass., Lewiston, Me., and Cohoes, N. Y., the original in- 
vestors are reported to have lost all or the greater part of what they 
put into these developments, because of fixed charges and operating 
costs accumulating while waiting for customers to absorb the 
output. I heard the venerable Charles 8. Storrow, treasurer and 
first engineer of the great water-power development at Lawrence, 
Mass., testify that they ‘‘paid one dividend on expectations and 
then passed thirteen on facts,”’ while waiting to sell that portion of 
the power left over after supplying the three great factories built 
simultaneously with dam and canal. 

74 About 15 years ago, after I had made a careful study and 
report on the possibilities of power development on a great American 
river, I was called before a group of about fifteen prominent finan- 
ciers who had met in the Wall Street district to consider the pro- 
motion. My cross-examination was begun by substantially this 
statement: “Mr. F., there are today 30 to 40 million dollars of 
questionable water-power bonds floating around this financial 
district on which it is difficult or impossible to earn the interest; 
such, for example, as the X Company, the Y Company, and Z 
Company, etc., etc. (giving names then prominent). For each of 
these there was a rosy prospect at the time of the underwriting. 
Now, will you kindly begin by explaining wherein this present 
prospect differs?”’ 

75 The answer was to be found in the delays in selling, not in 
mistakes of engineering. The trouble came in the period that those 
several projects had to wait before selling the last half of their power. 

76 Hydroelectric development differs from steam-electric de- 
velopment or other power development in that the big expenditure 
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for water power comes mainly all in one bunch, whereas with steam it 
comes step by step, as needed, for almost immediate use. 

77. In water-power development the site, the water rights, the 
flowage, the dam, the power-house foundations, and the larger 
part of expenditure for turbines, electric apparatus, switchboard, 
and transmission line must be made in full at the start, and if cus- 
tomers are not already signed up for sufficient kilowatts to pay 
fixed charges, the prospects are uninviting. 

78 The investor will do well to look backward while the pro- 
moter is trying to lead him forward, and study some of the financial 
wreckage. 


SrEADFAST FLow AND READY DEMAND 


79 Lack of steadfastness of the water supply spoils many 
hydroelectric prospects. Ofttimes the investors in a water-power 
development have been pained to discover later that they must 
add a steam plant to their investment. Commonly a prospective 
dam site on a flashy stream has no substantial cash value, save 
where it can be developed by electric transmission as a mere 
“‘eoal saver”? to some widespread utility system that already has a 
full quota of engine power, and in such cases the margin of profit 
on development commonly is not large. The Great Falls of the 
Potomac, within 15 miles of the dome of the capital, still remain 
undeveloped, though often investigated; but doubtless their day 
of use will come as a coal saver to an existing steam power plant 
in the nearby city. The McCall’s Ferry development, now called 
Holtwood, on the great Susquehanna, was a sorry financial venture 
until tied up to the steam stations of Baltimore Public Service. 

80 Ona variable stream it may be that great reservoirs can be 
built to regulate the flow, but there the large cost of the reservoirs 
has to be subtracted in determining the value of the power site. Or, 
it may be where river banks are favorable and not preoccupied by 
railroads, that, with the increased engineering skill and courage of 
recent years, a very high dam can be built at a cost of a few million 
dollars, to create a reservoir close to hand. 

81 The point which I would stress is that, when one looks at a 
waterfall or rapid, “‘all is not gold that glitters.’’ 

82 There are hydroelectric sites with many millions of kilowatts 
of capacity, in the aggregate, still awaiting development, from 
Maine to California, from Canada to Mexico, but to decide which 
ones are worth while, and which ones will be merely sink holes for 
capital, is a painstaking task. 

83 There are today still many magnificent opportunities for 
power development lying around unused that are practically with- 
out commercial value simply because there is today no use or 
prospect of early sale for their possible output, and there are other 
vacant opportunities for hydroelectric developments, figuring into 
millions of kilowatt-hours per year, which have no large present 
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commercial value because of the large cost of supplementing the 
low-water flow by steam, or because of the vast cost of establishing 
a reservoir by high dam or otherwise for regulating the flow. 


DEMAND BY CHEMICAL INDUSTRY 


84 There is a widespread popular misunderstanding about the 
present demand for water power. Many think there are great 
chemical industries earnestly seeking hydroelectric power. The 
chemical engineer of large vision is today looking for cheap B.t.u. 
far more than for cheap kilowatt-hours. 

85 This statement may seem strange to one familiar with the 
vast electrochemical industries at Niagara or with the vast use of 
power for making aluminum out of purified bauxite, until he has 
done considerable investigating or has tried to find a customer 
for a big block of power in the chemical industries. Noting that 
nearly all those great electrochemical industries making aluminum, 
caustic, sodium, chlorine, cyanide, carborundum, etc., which are 
now found located along the Niagara Gorge, rest on processes dis- 
covered since capital first had courage to develop Niagara power 
in advance of customers in sight, one might be inclined to prophesy 
that another similar great development would similarly be absorbed 
by electrochemical industries. 

86 Before thus prophesying he had best ask just what new 
large demands of similar kind actually have come during the past 
10 or 15 years from the hundreds of laboratories all over the world 
in which able chemists are making research. 

87 A prominent and successful Canadian chemical engineer 
told me that at the close of the World War he sought to establish 
himself in some large line of manufacture of chemical products, and 
familiar with the vast undeveloped water-power resources in 
Canada, upon rivers other than the St. Lawrence and requiring 
smaller first outlay, he sought far and wide for chemical uses for 
this power, but each time the trail led him away from the kilowatt- 
hour to the cheap B.t.u. In other words, to cheap coal, and finally 
he located in the coal fields of West Virginia. 

88 I know of several owners of power sites of great potentiality 
who have employed able chemical engineers to seek far and wide in 
science and industry for uses to which these prospective develop- 
ments might be put, but still each of these rivers, as Bryant said of 
the Oregon, rolls on, ‘“‘and hears no sound save his own dashings.”’ 

89 I know where, in Canada, a million horsepower can be de- 
veloped in blocks of not less than 100,000 hp. at almost unprece- 
dentedly low cost, perhaps $100 per kw. of primary power, if 
only profitable use could be found for blocks of this size; but until 
the chemical engineer comes forward with new uses, as perhaps in 
iron smelting, or new economic processes for fertilizer, or until 
steam coal becomes worth $15 per ton at great business centers, I 
fear such sites have no present substantial commercial value. 
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90 And as to the demand for big blocks of cheap hydroelectric 
power to be used in the manufacture of cheap fertilizer, the public 
and their deputies in legislative halls have become badly befogged 
and misled, particularly in the discussions about the development 
of cheap water power at Muscle Shoals. And a fuller explanation 
may sometime be in order from the U.S. Army engineers or who- 
ever is responsible for putting in about double the turbine capacity 
that ordinary business considerations would e¢all for on a river of 
this small low-water flow, or that business concerns have put in 
proportional to flow, elsewhere on the Tennessee River and on neigh- 
boring streams. This great Muscle Shoals development seems to 
some of us to be mainly the result of lack of information and dili- 
gent propaganda, of a desire to ‘‘help the South” — sending good 
money after bad while hoping to find cheap fertilizer at the end of 
a rainbow. 

91 The public is mostly unaware that new inventions have 
lessened the relative importance of cheap electricity for manufac- 
turing fertilizers. Our ordnance officers knew this long before the 
Muscle Shoals hydroelectric development was begun and adopted 
a modification of the German “ Haber Process.” 

92 The old spectacular processes for the fixation of nitrogen de- 
veloped by German science and capital in Norway a dozen years 
ago, with flaming electric ares 10 ft. long and of 2 per cent efficiency, 
were long since outclassed by processes in which a mysterious 
catalyzer, under favoring conditions of great pressure and high 
temperature, is doing the work with a relatively small call for 
power. The nitrogen research bureau of the Federal Government 
with the vast sums they have spent on research should be able 
soon to clear the foggy atmosphere that now surrounds the rela- 
tion of cheap fertilizer to water power. 


VALUE DEPENDS ON USE 


93 Ihave made the previous statements to strongly fix attention 
on the fact that the value of a prospective hydroelectric site is 
not in the water and its fall, but solely in the use to which this power 
can be put and the rate at which the total output can be absorbed 
in industry, so as to pay interest upon the capital invested. 

94 If, in a great opportunity for hydroelectric developments, 
one can obtain firm contracts for, say, half the “firm” or primary 
output at such prices that he can be assured of bond interest and 
operating expenses, perhaps he can find capital sufficiently optimistic 
in faith in the future to wait for its dividends on that part of invest- 
ment represented by stock. The investor’s hope of “velvet” in 
general must rest mainly on expectations of future sales and on 
growth of the country, growth in habits of luxury, more illumina- 
tion, and performing more and more of menial tasks by electricity. 
All these surely are coming. One who studies the yearly load 
curves of any great system will marvel at the rate of increase in 
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current consumption from year to year in a district long since seem- 
ingly equipped to saturation. But the engineer must seek through 
most careful analysis to learn just where and just how fast the in- 
crease on his “‘prospect”’ is coming. 

95 On the other hand, many who urge conserving nature’s fuel 
resources for posterity seem to have not weighed the importance of 
also conserving capital for more immediate needs, and the impor- 
tance of investing the limited supply of available capital where it 
will do the country the most good. 


CONSERVATION OF CAPITAL 


96 This frequently is forgotten by those who most loudly urge 
conservation of natural resources. 

97 Conservation of capital always should be considered along 
with the conservation of natural resources throughout the design. 
This frequently will lead to a departure from the line of engineer- 
ing development that would be ideal at a given site, because of the 
menace of an unsatisfied interest charge upon capacity provided 
but not promptly put to use. 

98 It is painful to a good engineer to see only the most cheaply 
developed part of a great power site cut out and occupied. Sacri- 
ficing part of the fall, or sacrificing much of the flow of a variable 
stream for eight or nine months of the year, may he repulsive to 
one’s ideals, yet frequently there is no other way in which financial 
loss to the investor can be avoided. Stating the case in another 
way, unless this is done, development at any profit must be defi- 
nitely postponed, and all of this water and fall continue to run to 
waste. In such cases the rights of posterity to the full conservation 
of this natural resource should be guarded by a time limit in the fran- 
chise, with provision for review at the end of the term. 

99 A sinking fund will sometimes afford a remedy and works 
may be laid out on such lines that after 20 or perhaps after 40 years 
the saving made at sacrifice of full utilization, in view of present high 
rates for procuring capital (often amounting to 8 per cent or even 
10 per cent after brokerage and interest during construction), will, 
by compounding to the end of this period, permit of highest con- 
servation. The interests both of the country at large and of the 
investor may be manifested by such a course. 

100 Having made the foregoing statements regarding site value, 
public welfare, and conservation of capital by way of introduction, 
we may now consider in more detail a few of the fundamental 
problems in hydroelectric design and the questions which these 
involve. Nearly all of these questions lead to, or center around, 
economics. : 


Some PRELIMINARY PROBLEMS 


101 When asite is presented for consideration, the line of analy- 
sis ordinarily is as follows: 
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1 What is the maximum power in kilowatts that the site 
can be made to produce economically, and the num- 
ber of kilowatt-hours per year? 

2 What is the size of the successive steps, in which this 
total development may best be made? 

3 What is the accessibility of the site; its distance from 
established centers of industry, or of population; 
or its proximity to raw materials ae can be manu- 
factured by its use? 

4 How variable is the natural flow of water and how 
variable the fall, day by day, and year by year; 
to what extent can this be regulated? 

5 What are the requirements of stream reserve, or the 
needs of interconnection by long-distance electric 
transmission lines to other sources, in order to 
provide for given amounts of primary power, Le., 
power that can be depended upon day by day, year 
after year? 

6 What are the prospective load factors, daily, weekly, 
and yearly? 

7 At what rate will the present or prospective market 
absorb this output? How large a paying load can 
be taken on at the start? How many years will be 
required to absorb the entire output of the first stage 
of development? How long will it take to absorb 
the entire output proposed? 

8 What particular form or sequence of development 
will be most profitable, sacrificing (if need be) 
efficiency to lessen first cost, but with works so laid 
out that the savings thus made, if put into a sinking 
fund, could ultimately be used for complete devel- 

opment, of highest efficiency? 


CENTRALIZING VS. SCATTERING INDUSTRIES 


102 Hydroelectrical development of the past 25 years presents 
a fascinating picture, but let us not forget there is something in the 
nature of aseamy side. Its work so far has mostly been in methods 
opposite to those by which in the old days a water-power site be- 
came the center of a new community under conditions that make 
for wholesome home life and good citizenship. 

103 The country life and the citizenship on which our future 
must be established are found at their best in those small cities and 
villages of the New England, Middle, and Mid-West States, built 
up around industries driven by the small water powers. Brunswick, 
Maine; Exeter and Claremont, New Hampshire; Springfield, 
Vermont; Fitchburg and Orange, Massachusetts; Thomaston and 
Waterbury, Connecticut; Dayton, Ohio — one could name by the 
dozen communities founded on water power while going over a map 
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of the older states and out to the “Western Reserve,” even to 
Minneapolis and Lawrence, Kansas, to Spokane and Oregon City. 

104 Although, as stated a moment ago, water-power develop- 
ment got a tremendous impulse about twenty-five years ago from 
an electrical distribution of power and the possibilities of carrying 
the power over a long distance for immediate sale in enormous 
blocks to replace steam power in public service of lighting, street 
railways, and power for minor industries, thereby assuring imme- 
diate income sufficient to carry fixed charges, hydroelectric power 
has built up a new industry in but relatively few places, and sel- 
dom has it been the foundation of a new neighborly community. 
Seldom has a hydroelectric development found employment for 
more men; so far it commonly has lessened the total number of 
men employed, when miners and stokers and ash handlers are 
counted. 

105 While this reaching out from a prospective water-power 
site to the established steam central station of some distant city is 
surely the best road to a quick income, we may well pause and ask 
if there are not many cases where the future of our country would 
be better served by keeping the hydroelectric power at home and 
providing it only with short transmission lines for driving local in- 
dustries. Sometimes it may be best for public welfare in the long 
view to make haste slowly and wait for the industry to appear or 
for the local “Board of Trade”’ to find it. 

106 Have we not been led too fast by promoters desirous 
of a quick profit or by manufacturers who did not see the preserva- 
tion of old-time American standards of greater importance than 
the temporary success based on cheap immigrant labor? 

107 Electrical transmission of both steam and hydro power is 
now helping greatly in the economical establishment of new in- 
dustries, but up to date it has been favoring further concentration 
in cities. It would be well if something could be done to start a 
movement in the opposite direction. As the network of power 
lines becomes more and,more interconnected with the smaller com- 
munities, giving to them an ample supply of cheap and dependable 
power, many kinds of industry might again turn to the country 
village, attracted by lessened real-estate values, fewer strikes, lesser 
taxes, and by those benefits difficult of precise appraisal that come 
from the wholesome conditions of family life and social privilege 
that may be found by operatives in the smaller communities. A wire 
can carry current in either direction, and there are many cases 
where favors could be shown by the public in smaller burdens of 
taxation, etc., etc., that might turn the scale. While things are 
moving rapidly in relation of the public to power development, 
harm may come if those who lead the movement are not, well in- 
formed, 
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EpvucaTION IN Pusiic RELATIONS 


108 As the speaker said in beginning, these problems of public 
relations are becoming the most fundamental of all the problems of 
hydroelectric development. 

109 After prolonged taking of testimony and discussion we 
now have the Federal Power Act, permitting and encouraging 
power development from rivers flowing through the public lands 
of the Great West. Before obtaining this some very intense mis- 
understandings had to be cleared up. It seems to be working well. 

110 The Ontario Power Commission is trying out public owner- 
ship and distribution of power on a gigantic scale, and its results 
have been widely discussed, pro and con. Perhaps it is too early to 
judge of it wisely until its secondary effects in building up industries 
are better established. 

111 The San Francisco City Government recently has gone on 
record 13 to 2 in favor of municipal distribution of 40,000 hp. of 
Hetch Hetchy power, with but small understanding of what this 
would cost, of the influence of varying loads, or the requirements of 
steam reserve in the city, or the needs of interconnection for emer- 
gency service, or of how all these could be accomplished for the 
best interests of all concerned. The speaker was challenged when 
there recently by a reporter out for “‘a story,” to defend, if he could, 
the outrageous greed of a corporation that would offer the city 
only a cent per kilowatt-hour at wholesale, while he (the reporter) 
was charged 8 cents.at his home. He could not believe that their 
present power companies in the San Francisco district now or re- 
cently had sold power to each other wholesale at three-quarters of a 
cent per kw-hr. 

112 One of the great problems of water-power development is 
the education of the general public to understand the costs added 
by overhead, by steam reserve, by peak loads, by stand-by charges, 
and by distribution to the small consumer, by the expenses of 
measuring his draft, collecting his monthly account, and of devel- 
oping in large blocks safely ahead of the demand, by maintaining 
a readiness to serve during drought, storm, flood, or fire, by elabo- 
rate interconnections with various widely scattered plants. 

113 California, at about the time of last year’s elections, was 
shaken more than by any earthquake over the question of whether 
or no the state should bond itself for 500 millions of dollars for 
development or acquisition and distribution of hydroelectric power, 
and although this was defeated 2 to 1, those whose seismographs 
are in adjustment say the same question is soon coming up again. 

114 Some years ago the governor of a great state, himself a 
man of small vision, blocked the beginning of a new industrial city 
in a sparsely settled corner of his state by canceling the terms of a 
lease of river bed and dam site to a great power company, on the 
grounds that the price per horsepower agreed upon with preceding 
governor of the opposite political party was insufficient, and that 
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the public was thereby to be robbed. He seems to have failed 
utterly to have vision of the benefits that come from changing a 
cow pasture, remote from town or village, into a hive of industry, 
surrounded by a thousand cheerful homes, and of the risks to be 
run by some millions of capital in making the proposed develop- 
ment. Thereupon the corporation established its industries in 
another state. 

115 New York State has by recent referendum voted 2 to 1 
against permitting a microscopic proportion of its state lands to be 
flooded for water-power reservoirs and by this act also has for- 
bidden place and passage for power house and transmission lines 
upon its forest preserves; an action strangely at variance with the 
recent policy of the National Government. There appears to have 
been an inseparable mixture of motives in this large adverse vote. 
The nature lovers seem to have been inflamed by wealthy owners of 
private forest preserves — and with some show of truth — against 
permitting such frightful blots on a beautiful landscape as have 
resulted in Maine and elsewhere from flooding forest or sprout 
land without first cutting and burning trees and brush to within a 
foot of the ground; but the most powerful motive seems to have 
been a broadly cultivated idea that this defeat would preserve a 
great opportunity for water-power development under state owner- 
ship, with no real understanding of the facts by the voters at large. 

116 Ten years ago I worked with the New York State Water 
. Supply Commission diligently for two years in organizing surveys 
for the fostering of reservoir development by the state for aiding 
the development of power, and from intimate knowledge of some of 
these vast opportunities for saving fuel and contributing to in- 
dustrial development, it is unbelievable that the state will keep 
them in idleness many years. 

117 The delay will not be all to the bad if it is employed to 
work out plans for making these power sites contribute to building 
up small, scattered communities. Using the reservoir water solely 
for pulp grinding at the rate of 100 hp. more or less per workman 
is not its highest use, neither is the mere transmitting of it to save 
coal, or to supply factory power, in cities already far too big for 
good living conditions. 

118 Recently our Federal Government has shown a most 
wholesome interest in these large problems of hydroelectric devel- 
opment by promoting the Eastern “superpower survey,” and 
recently Secretary Hoover, of the Department of Commerce, has 
given this important matter a new impetus. Those problems will 
be dealt with by the speakers who follow, and I hope the distinction 
between a superpower system and interconnection may be made 
clear, but I cannot refrain from quoting briefly from Secretary 
Hoover’s inspiring address before the public utility commissioners 
of ten eastern states, in New York a month ago. He is reported 
to have said: 


550 FUNDAMENTAL PROBLEMS OF HYDROELECTRIC DEVELOPMENT 


Engineering science has brought us to the threshold of a new era in the 
development of electric power. . . . We can now undertake the develop- 
ment from cheaper sources farther afield. . . . We can effect great econo- 
mies through the interconnection of local systems. . . . We can assure more 
security from the effect of coal strikes and from interruption of railroad 
transportation. . . . Engineers report that more than 40 per cent of the 
railroad mileage of these eastern territories could be electrified at substan- 
tial economies of operation... the indirect results both human and 
material are even more important . .. One of the first principles is the 
free flow of power across state lines. . . . Physical barriers and other con- 
ditions naturally divide the United States into several distinct zones, one 
embracing New England and the Middle States, another west of the Alle- 
ghanies, etc.,etc. . . . The problem of each of these sections of the country 
is different and must be solved separately. 


119 At the recent Richmond Convention of the American 
Society of Civil Engineers there was presented an extremely inter- 
esting and instructive talk by Mr. Wm. 8. Lee, Mem. Am. Soe. 
C. E., on the present widespread interconnection of power systems 
in the Carolinas and other southeastern states, showing how this 
widespread benefit of a superpower system came mainly from the 
transfer of power in a great chain of systems not by a long leap from 
one end of the system to the far-distant end, but by passing surplus 
from one system merely to the next in line; in time of flood, drought, 
or breakdown, or in finding temporary use for the surplus of a new 
plant in helping an overloaded. neighbor until he too could build 
larger, and how all of this was in the interest of the public. 

120 Can any reasonable man, familiar with the facts and with - 
human nature, doubt that these far-flung developments can be most 
rapidly advanced and best carried on by great corporations, under a 
carefully guarded governmental supervision, better than as an enter- 
prise wholly in state or federal hands and largely dominated by 
politicians? 

121 Things have now come to the stage where the most funda- 
mental problem of hydroelectric development is the education of 
the public by making plain the facts. 


Wuat Next? 


122 Today it seems that we must be close to the summit, in 
size of power units and in economy of performance, in both hy- 
droelectric and steam-electric; with line voltage of 220,000; steam 
at 1200 Ib. pressure; water wheels under 3000 ft. head; hydro tur- 
bines at 840 ft. head, and single units of 60,000 hp. in water and 
80,000 in steam. Surely 94 per cent efficiency on a hydro turbine 
can never be excelled. 

123 At the Chicago Meeting of the Am. Soc. C. E. last July, 
Mr. Abbott, of the Chicago Edison Co., who perhaps has super- 
vised the sending out of more kilowatt-hours than any other one 
man in the world, figured out that it was cheaper to haul coal in cars 
than to take power over a wire from a station at the mine where 
the distance was more than 100 miles, at 75 per cent load factor 
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and Mid-West coal costs; and presented a table showing that as 
between steam plant in city, with coal coming 200 miles on cars 
and a total of 100,000 kw. capacity costing $12,000,000, and a 
hydro plant with 200 miles’ transmission costing in all $25,000,000, 
the cost of power delivered, in fuel and overhead for the steam 
plant, would be about 3.5 per cent smaller for the steam plant 
than for the hydro — under Mid-West coal prices and conditions. 
Mr. Junkersfeld, speaking after Mr. Abbott, held out prospects 
of cheaper long-distance transmission at 300,000 or 350,000 volts 
within 10 years, and Mr. Hamilton, also of great experience, said 
in effect that very few hydro developments have been made that 
can compete with the 5-mill power cost in the best and most 
favorably placed steam stations. 

124 The only pathways open for further advance seem to be 
in higher pressures for electrical transmission over distances more 
than 250 miles, as from the St. Lawrence to New York City, and 
we have heard rumors that direct-current transmission has some 
things in store for the future, and then there is the possibility of 
some new and more efficient form of heat engine. 

125 Who can tell how long the call for this long-distance trans- 
mission is to be held back by the success of the mercury-vapor 
turbine and by the success of those new steam turbines at 1200 lb.? 
I think it was old Hosea Bigelow who said, “It’s dangerous to 
prophesy unless you know.” Just what do we now really know? 

126 ‘The fact that our best reciprocating engines take out or 
deliver only about 16 per cent of the energy in the fuel, the best of 
the recent giant steam turbines only 18 per cent to 19 per cent, 
and the internal-combustion engine perhaps at best less than 40 
per cent, offers plenty of scope for fame and fortune and for that 
joy of conquest which is irresistible. We are told that theory and 
tests of the first fairly large machine show that the mercury turbine 
in combination with its steam-turbine partner will cut coal con- 
sumption per kilowatt-hour nearly in half. 

127 We have seen the “triple thermic motor,” the gas turbine, 
the Humphrey gas pump and others start forth with rosy promise, 
stagger and fall by the wayside; but the present case is far from 
hopeless and the future full of promise in two particular directions. 

128 Just now the mercury-vapor turbine in combination with 
steam turbine of 3000 hp. at Hartford! divides attention with 
steam put into a turbine at 1200 lb. per sq. in., or as near to red- 
hot steam as containers of known metals can withstand. 

129 Will the next great advance come from these improved 
heat engines or from improvement in long-distance electrical trans- 
mission? This brings us forthwith into the discussion of trans- 
mitting power to Boston and New York from the St. Lawrence. 


1 As showing the advancé in scale of experimenting, it is worth noting 
that the horsepower of this mercury-vapor turbine at Hartford is about 
double that of the great Corliss engine at the Centennial Exposition of 1876. 
For description of this turbine, see Electrical World, Oct. 13, 1923. 
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Sr. LAwRENCE POWER 


130 As to bringing St. Lawrence power to Boston, one of the 
most experienced among the builders and managers of large electric- 
power developments in America, an engineer who is familiar with 
electrical power developed in the large way from both water and 
steam, has recently told me that as a result of careful investigation 
he believes there is no money to be saved by bringing hydroelectric 
power to Boston from the St. Lawrence. He finds that turbo units 
of 30,000 kva. using steam at the recently proposed pressures of 
from 500 to 600 lb. per sq. in. at location on the Massachusetts 
seacoast, with coal even at the high prices of 1923, can deliver 
power to the bus bar just as cheaply as power can be delivered into 
the Boston circuit from a water-power station on the St. Lawrence, 
and with the advantage of less risk to interruption, and with the 
further advantage of smaller initial capital investment; avoiding 
particularly that in a transmission line for 200,000 kw., which, 
with its right of way, would itself cost about $50,000 per mile, or 
from ten to fifteen million dollars at the start! 

131 Other very eminent engineers and financiers are just as 
strong and clear in their opposite belief, that under present-day 
conditions, when account is taken of possible sales along the way, in 
a block of, say, 200,000 kw. (perhaps smaller), power could be de- 
livered to the Boston district from Canadian water power at sub- 
stantially less than the cost of steam-electric power with the most 
modern type of plant. 

132 Two separate groups of financiers and engineers for some 
months past have been independently studying ways and means 
and details for developing and delivering Canadian power, one 
group proposing to bring power to greater New York district from 
near the Long Sault on the St. Lawrence, while the other group 
proposes bringing power to the Boston district from the Ottawa 
River, close to its confluence with the St. Lawrence. And it is 
stated by a representative of one of these groups that they can put 
their hands on the necessary funds whenever the international and 
interstate questions of law and franchise have been satisfactorily 
settled. 

133 The bringing of power into New England from even farther 
back in Canada has been actively discussed. It has even been pro- 
posed to transmit the surplus available from the Saguenay devel- 
opment at Grand Discharge, after satisfying the local demand for 
about 200,000 hp., in the vast pulp and paper mills now being built 
there, for both mechanical power and the generation of steam for 
all requirements, by water power in electric boilers. 

134 Obviously, with so vast a local use ready to meet the fixed 
changes and maintenance of a power that can be developed in large 
units under high fall at abnormally low cost per horsepower, and 
with a large surplus flow of water, said to be enough for 200,000 
hp. beyond local requirements, these rare circumstances may 
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present a condition of a great block of power so abnormally cheap 
that an abnormally large percentage of loss in transmission may be 
allowable, and that an abnormally high transmission from water 
otherwise wasted over the spillway. 


PROPAGANDA AND Fog 


135 Within the past two years there has arisen a great propa- 
ganda for power development resting upon factors far outside a 
strict comparison of solely the cost of water power in blocks of 
100,000 or 200,000 hp. carried nearly 300 miles, compared with 
cost of steam-electric power developed nearby at the seaboard. 

136 The farmers of the Western United States and those of 
Western Canada have united in a plea, which politicians, Congress, 
and Parliament perhaps may be unable to resist, for a damming 
and deepening of the St. Lawrence for the double purpose of the 
passage of ocean-going wheat ships from Lake Superior to the 
Atlantic, and the development of vast quantities of water power. 

137 It seems that the farmers expect the water power to so 
largely reimburse the governments that the improved water trans- 
portation would be mostly a clear gain to the two nations sharing 
the cost of dams, canals, and dredging. Of course they assume that 
like the Canadian canals and the American canal at the Sault Ste. 
Marie, there would be no tolls. 

138 Since the price of wheat from all over the world practically 
is fixed in Liverpool, the farmers hope that with the cheapened 
transportation thereby given, and with no tolls, this increased 
facility and reduced cost of shipment would give them a 10 per 
cent increase in the selling price of their wheat in the home town. 

139 Meanwhile, also, the power promoters appear to hope that, 
with the two governments once firmly committed to financing 
(or guaranteeing) this vast project and with the money thus placed 
beyond recall, the opportunity for development of power created 
incidentally at the new dams and canals around the rapids, would 
after a time be leased at an almost nominal charge, rather than 
allow these great national resources to run.to waste; and that thereby 
the vast surplus beyond local needs of water power from so cheap 
a source could easily bear the burden of 300-mile transmission. 

140 Obviously, if the taxpayers at large of the two countries are 
willing to foot all the bills, and omit all ship tolls in addition to in- 
creasing the price of bread for their own people in proportion as the 
farmer gets nearer the Liverpool price for wheat, this would be fine 
for cheap local power and at small risk to the farmer. And perhaps 
ways can be found to bring this so cheaply to greater Boston and 
greater New York that it will cost delivered, say, one-fifth (3) of a 
cent per kw-hr. less than steam power generated at Fall River, Bos- 
ton, or New York from sea-borne coal or oil. This exceedingly small 
fraction — about one-eighth (4) part of the factory cost of power, 
or about one fiftieth (35) part of what the householder pays for his 
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lamp light, seems about all there is in it for the average man in 
Boston or New York. The public mostly fails to realize that the 
ereater part of the cost of electric power becomes attached to it 
after it leaves the bus bar or the central station. 

141 There has been a lot of designing in outline, and much esti- 
mating and reporting to certain large corporations, and it would 
be extremely interesting if the details of these plans and estimates 
were open to public examination and intelligent criticism. The 
great captains of business, banking, industry, and transatlantic 
shipping who dominate the chambers of commerce of Montreal 
and New York seem far from being convinced that the published 
estimates of cost of all of this extensive river improvement are on 
a sound basis, or that any such benefit to the farmer in increased 
price of wheat could come, although no tolls whatever were im- 
posed for the use of these enlarged canals. Indeed, some say that 
a saving has been promised greater than the entire present cost of 
wheat shipment from lake to seaboard. 

142 So far as I can gather from personal discussion with busi- 
ness men and engineers familiar with the situation, the general im- 
pression is that last year’s report of the International Commission 
was far from being so thorough a study as should be made before 
either nation accepts the proposed plans or estimates as final. 
Some believe that the actual cost would be double that estimated. 
Surveys and borings and other new data on cost were meager, and 
from personal observation I am confident that the alignment of 
this proposed new waterway was in some localities far from being 
the best for public interests that a thorough study would disclose. 

148. Whatever may be the present obstacles to developing St. 
Lawrence power, I believe it certain as the sunrise that sooner or 
later they will be overcome; and it is plain beyond all argument 
that it is better for the two nations that this power be used to con- 
serve the coal supply for posterity instead of running to waste. 
Nevertheless I fear that 10 or 20 years must pass before any im- 
portant economy in power cost in New England or around New 
York City can come from this direction. High-pressure steam, 
cheaper coal, and perhaps the mercury turbine and the Diesel 
engine, may delay the day for service 300 miles away. 

144 A great captain of industry told me a year ago that cheap 
hydroelectric power from the St. Lawrence is ultimately a factor 
of highest importance in the retention of New England’s prosperity 
as a great workshop for home markets and export trade, and like- 
wise for greater New York. And when electrochemists and physi- 
cists have performed what we expect of them, Montreal and 
Quebec may become the world’s great center of electrochemical 
products exported to all parts of the world! 

145 There is more than five million horsepower now running to 
waste along the St. Lawrence. It is hard even for an engineer to 
comprehend what five millions of horsepower of energy means, and 
difficult to translate it into the terms of every-day life. This is 
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about the sum total of electrical generating capacity today in all 
the central stations, steam and hydro, of New England, New York, 
New Jersey, and Pennsylvania.!. And this St. Lawrence power 
being 24-hour power with ample storage for conservation, is equiva- 
lent to providing about three times the number of kilowatt-hours 
per year now used in lighting, railways, manufacturing, chemistry 
and metallurgy, etc., throughout this vast industrial and com- 
mercial region. 

146 How soon do New York and New England need it? What 
will it cost here? How much can we pay for it? How much of it 
is needed here? These are its fundamental problems here. 

147 In the neighborhood of Montreal, Cornwall, and Ogdens- 
burg, with short transmission and more costly fuel, the problems 
are of different order. 


‘ DISCUSSION 


[Formal discussions of Mr. Freeman’s paper were presented at the session 
by Col. J. P. Hogan, representing the A.8.C.E., Geo. A. Orrok, representing 
the A.S.M.E., and Harold W. Buck, representing the A.I.E.E. Their 
discussions and an abstract of the discussions submitted from the floor 
follow. ] 


THE STUDY OF HYDROELECTRIC POSSIBILITIES 
_ By Joan P. HocGan? 


ME: FREEMAN has very ably presented to you the funda- 
mental problems of hydroelectric development and I have 
been asked to discuss that phase of the problem which is concerned 
with the need of accurate engineering data before proceeding with 
the development. It would seem almost unnecessary to empha- 
size the need for careful and accurate investigation if it were not 
for the fact that there are in this country today a large number of 
hydroelectric developments which have been financial! failures. In 
fact, the number is so great that it is with considerable difficulty 
that independent hydroelectric projects can be financed. There 
are in addition numerous hydroelectric projects and extensions to 
existing systems which have failed to realize expectations and which 
have been carried through to a conclusion only by the existing finan- 
cial strength of the companies undertaking them, and these, too, 
must be classed as failures from a financial point of view. Some 
of the failures in independent construction have no doubt been 
due to disappointment in the market but, in general, the majority 


1 According to the diagram and table published as a supplement to the 


Electrical World of Nov. 17, 1923. 
2 Consulting Engineer, New York, N. Y. Mem. A.S.C.E. 
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of the failures in this class and almost all the failures in the case of 
expansions to existing systems have been due to two causes: 

1 Overestimation of the available water supply, and 

2 Underestimation of the cost. 
Within the past year I have heard several executives of existing 
companies state that some of their water-power plants have failed 
to come up to expectation in power output and I have heard others 
complain that they had been misled, in some cases grievously, by the 
cost estimates of their engineers. I have heard a member of a 
banking house engaged in financing hydroelectric projects state in 
an offhand way, ‘‘I always double the estimates of the engineer.” 
These remarks relate only to projects that have been pushed to 
completion. 

In the experience of the consulting engineer there are for every 
project which has been completed twenty or more projected and 
recciving more or less consideration in the engineering and financial 
world, and in many of them the same faults of overestimation of 
water supply and underestimation of cost appear. In a promotion 
the reviewing engineer expects that a rather rosy view of the pros- 
pects will be taken by the promoter — and even in numerous cases 
by his engineer; but in the case of extension to existing systems it 
is more difficult to understand why such mistakes should so fre- 
quently occur, and in the majority of cases it must be admitted 
that they are due either to lack of fundamental data or to ignorance 
of the principles involved. If, therefore, what I am about to 
convey to you in the brief time available appears somewhat ele- 
mentary, I hope you will realize that we are considering a situation 
which actually exists and that in many cases the failure of hydro- 
electric developments to meet expectations has been due to the 
fact that other elementary principles have been disregarded. I 
propose to touch only the high spots in regard to estimate of avail- 
able water supply, including rainfall, run-off, and the effects of 
storage, and the influence on estimates of cost, of proper explora- 
tion, and of the proper evaluation of the uncertain factors. 

There are no rainfall or run-off records in this country of suffi- 
cient duration to enable an absolute prediction to be made of the 
available water supply. The best that can be done in any case 
is an approximation, and the accuracy of this approximation will 
depend upon the length of record of run-off available together with 
the contributary evidence on both rainfall and run-off of streams 
of similar location and characteristics. In cases where no run-off 
records are available, figures must be based on the rainfall record 
together with the same contributary evidence. It is possible, 
however, to determine closely the probable value of the approxi- 
mate estimate, and both the maximum possible error and the 
probable error that may be expected from such an approximate 
estimate. It is also possible from a short-term record to construct 
a probable long-term record by means of comparison with other 
long-term records which will give a very much better idea of the 
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conditions that may be expected than the consideration of a short- 
term record alone. The method of doing this has been ably out- 
lined by Mr. Allen Hazen in the Transactions of the American 
Society of Civil Engineers of June, 1914: 

It is pertinent to mention at this point the variations that may 
be expected in rainfall and run-off and the value that should be 
given to short-term records. 

In the average stream in New York State the maximum daily run- 
off may be one hundred and fifty times the minimum daily run-off. 
The run-off in an occasional year may be 50 per cent greater or 
50 per cent less than the mean annual run-off over a long period 
of years. When we consider that the distribution may also vary 
greatly in different years having the same total run-off, we see how 
dangerous it is to rely only on estimates of output based on mean 
annual run-off, yet it is my experience that over 50 per cent of 
engineering reports on hydroelectric projects are based on predic- 
tions of output for the average year. 

Actual experience shows that the mean determined from a 15- 
year record of run-off will probably be within 5 per cent of the true 
mean, but that it may possibly be 13 per cent more or less than 
the true mean. 

These interesting studies on existing records suggest that with 
a short-term record of any given length the expectations over a 
long-term period of any desired length can be deduced by the theory 
of probability. The methods of doing this have been elaborated 
by Mr. Hazen in his admirable paper and I will not burden you: 
further with them tonight, but I do wish to emphasize the fact 
that in my belief better results could be obtained by the use of 
these methods than by reliance on any actual recorded average 
flow. Furthermore, by the use of these methods a much better 
estimate can be made of the benefit to be derived by storage, and 
by an extension of these methods even operating diagrams can be 
prepared for existing reservoirs which will permit the greatest use 
of these reservoirs over a long term of years. 

Of all the factors which have contributed to the financial failure 
of hydroelectric projects, none has had a greater influence than 
underestimating costs. I like to think that if enough money is 
available there is nothing beyond the power of engineers to accom- 
plish. The hydroelectric project, however, is essentially a com- 
mercial project for the purpose of making money, and if it fails in 
this respect it is a commercial failure. From its very nature, in- 
volving as it does work in water, it is hazardous, and it would seem 
the part of common sense to limit the risk as much as possible by 
determination in advance of the conditions to be met. Even at 
the best a large element of risk or uncertainty will remain, due to 
conditions that cannot be determined in advance or factors that 
cannot be evaluated. I will pass over these factors of uncertainty 
which are connected with the construction work such as the organi- 
zation and management of the construction forces, the amount 
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and character of the preparatory work that will be necessary, and 
the actual costs and prices of the various items of the work, with a 
single caution that prices which apply to one job do not necessarily 
apply to another in a different part of the country or where condi- 
tions are different. This statement may seem elementary, yet how 
often we see estimates and figures that seem ridiculously low, based 
on records of actual work done at some other time or place. Iam 
particularly reminded of an estimate of cost of a dam to contain 
11,000,000 cu. yd. of earth fill, for which a price was estimated of 
11 cents per cu. yd. This was based on an article in the Engi- 
neering-News Record which stated that earth fill had been placed 
by hydraulic methods at one of the Reclamation Service dams 
at a price of 7 cents per cu. yd. No account was taken of differ- 
ence in conditions and in character of materials. Other things to 
be guarded against in this connection are the conscious or uncon- 
scious unbalancing of quantities and prices and the omission of 
necessary items. 

Assuming that all errors due to assumed cost of work were 
avoided, the chief reasons for excessive cost for some of our hydro- 
electric projects have been the failure to determine or interpret 
properly the underground conditions in advance of construction 
and erroneous assumptions based upon such lack of knowledge. 
Up to recent years the hydroelectric project which was properly 
explored prior to construction has been the exception rather than 
the rule. In some cases this neglect has been so surprising that it 
can only be concluded that the builders were afraid to find out in 
advance what they would have to encounter for fear that the pro- 
ject would fail. In other cases it seems likely that the lack of 
exploration was due to lack of appreciation by the engineer of the 
possibility of underground exploration and interpretation, and in 
some cases even the lack of experience with the problems involved. 
The most prevailing causes today, however, are the difficulty that 
engineers have in impressing on the owners the necessity for such 
thorough exploration, and the difficulty of obtaining the necessary 
money. It would seem almost axiomatic that where expenditures 
of millions of dollars were involved, a few thousand dollars for bor- 
ings and geological investigation would be a reasonable precaution. 
However, the proper carrying out of the preparatory work on a 
hydroelectric development is always expensive. It is non-produc- 
tive work and returns no immediate revenue, and there is usually 
a constant effort on the part of the owner or developer to cut down 
expenses. The engineer must have courage enough to insist that 
sufficient money be allowed for exploration, and he must be able 
to convince the owner that it will be profitable either in limiting 
the risk and thereby decreasing the cost or, in some cases, causing 
the abandonment of an unfavorable project. The trouble is that 
he has often been instrumental in causing the owner to spend some 
money on the project and has frequently underestimated the cost 
of-preliminary work. He is between the devil and the deep sea in 
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recommending further expenditures for borings which by unfavor- 
able results may place him in a position to lose the immediate 
confidence of the owner. 

It should be needless to say that sites of all structures should be 
_ carefully explored and that the borings should be deep enough to 
disclose the true underground conditions. Yet, how often do we 
see disappointment in construction from borings which penetrate 
only eight or ten feet into rock, whereas experience shows that a 
minimum depth of forty feet in rock is none too great. It is need- 
ful to call attention to the necessity for careful interpretation of 
the borings themselves and of the conditions disclosed by them. 
It is of little use to build a dam if it will not hold water. For the 
proper interpretation of borings and underground conditions the 
services of a trained geologist are necessary, as well as for careful 
and competent inspection of the borings while in progress. 

I shall be sorry if in stating these fundamental principles I 
have in any way indicated pessimism toward hydroelectric de- 
velopment. Successful hydroelectric development furnishes a 
permanent asset. Capital expenditures properly made in hydro- 
electric plants return revenue for an indefinite period with mini- 
mum operating and replacement charges. It is only by such 
permanent structures that material progress in civilization is made. 
For these reasons hydroelectric development is in the long run 
‘much preferable to steam even at equal cost. It is a fact, how- 
ever, that ill-considered and unprofitable hydroelectric develop- 
ments in the past have made it more difficult to finance meritorious 
projects at the present time, and it is necessary that we profit by 
the mistakes of the past in order to build better for the future. I 
have therefore pointed out some of these fundamental considera- 
tions in a rather elementary way in order that you may take them 
into consideration. We are now in a period of expanding hydro- 
electrie construction and let us realize that failure of individual 
projects due to neglect of fundamentals has had and will have an 
unfortunate effect upon the whole. 


WATER-POWER COSTS VERSUS STEAM-POWER COSTS 
By Geo. A. Orrox ! 


Aire kind of a presentation of the subject of water-power de- 
velopment which Mr. Freeman has just favored us with is 
of great advantage to the profession and more particularly to the 
people of our country, since the basic principles underlying the 
development of water power have been pointed out in a clear, 
logical, and convincing manner for our edification. I have been 
asked to discuss that portion of the paper covering the question 
of the cost of water power vs. steam power, and have been particu- 
larly asked to cover the general case of large units and transmission 
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from a distance in competition with steam stations of the most 
modern design situated near the load center. 

The design, construction, and operating results of large steam 
plants are well known, and from examples which have already been 
constructed we can predicate very accurately the cost figures 
which most probably would result under any given combination 
of circumstances. We know, for instance, that it is possible 
today to construct an electric generating station using steam as 
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the motive fluid and coal as the fuel in which the cost will not 
exceed $100 per kw. installed. We know quite accurately that 
such a station when supplied with reasonably good coal will have 
a fuel consumption around 1.1 Ib. per kw-hr. when run under the 
best conditions, and we know the law under which the coal con- 
sumption varies with the station load factor. We know within — 
reason the labor and maintenance cost, and assuming our fixed 
charges at 15 per cent with coal running from $4 to $10 per long 
ton at the station, suitable curves can be drawn which will show the 
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cost per unit delivered to the distribution system at any given 
load factor. : 

For the steam station I have figured on five 50,000-kw. units, 
allowing one as reserve and using 200,000 kw. as the peak load on 
the station from which the load factor has been figured. I have 
used good coal, Pocahontas or equal, and assumed that the in- 
stallation will be modern in all its details and located where there is 
an adequate supply of good condensing water. In general the 
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figures given are such as any good engineering firm would be willing 
to guarantee to its clients. 

With hydroelectric power, on the contrary, no such general 
statement can be made, and a separate and accurate estimate 
must be made for each and every condition. Sometime ago in 
the discussion of a problem of this kind I developed a set of curves, 
Fig. 1, which covered the cost per unit of electricity generated by 
water and transmitted over a 300-mile transmission line to the 
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point of use, which in this instance was a large city, and these 
curves are sufficiently: accurate for our purpose tonight. The 
transmission line was figured at $50,000 per mile, and the entire 
plant was proportioned on the basis of a demand on the peak of 
200,000 kw. delivered at the point of use 300 miles away. This 
necessitated 250,000 kw. of installation with no reserve, four cir- 
cuits, the necessary step-down apparatus, and the high-tension 
underground cables and other apparatus required to connect up 
this large amount of power to the distribution system of the city. 

As the cost of the installation could only be known in a general 
way, these figures were made to cover a wide variety of total in- 
stallation cost per net kilowatt of demand, and the cost per unit 
was worked out for various load factors from 20 to 100 per cent, or 
from 1750 to 8760 hours of use per year. With these curves and 
the curves which were made for the steam station, Fig. 2, the 
price of which included its connection to the distributing system, 
it is possible to make a rather accurate comparison of the respec- 
tive advantages of steam power and water power under the condi- 
tions stated. 

It will be seen that for $4 coal and 100 per cent load factor, cor- 
responding to an output of one billion, seven hundred and fifty 
million kilowatt-hours per annum, the total costs of steam generated 
in the large center and water power generated 300 miles away 
and transmitted to the city are about even when the cost of the 
hydraulic generating station does not exceed $150 per kw. installed. 
This point with $6 coal is about equal to $200 per kw. of water 
installation, and with $8.50 coal to $250 per kw. of water installa- 
tion. The curves for the steam station are a good deal flatter, 
however, than the curves for hydroelectric stations, and the various 
load factors at which the hydroelectric becomes uneconomical can 
be readily seen from the diagram. 

Using the water-generation curves at $150 per kw. of installation, 
it will be noted that as the price of coal increases the load factors 
at which hydroelectric power becomes attractive decrease. With 
$5 coal this limit is 83 per cent, with $6 coal about 73 per cent, 
with $7 coal about 64 per cent, and with $8 coal about 58 per cent, 
but it will be seen from the curves that about 40 per cent is the low 
limit for the use of hydraulic power, however high may be the coal 
price. 

It is believed that in the calculations which have been made to 
construct these curves, a leaning has been indicated toward the 
hydroelectric side rather than to the steam side, and some of my 
friends have criticized me for using such a high figure for the cost 
of the steam generating stations. I also have been criticized for 
not increasing the $50,000 used as the cost of a four-cireuit, 250,000- 
volt transmission line, but I believe that the advantage has been 
given in this case to the hydroelectric installation. 

Some years ago I had occasion to investigate more than three 
hundred water-power prospects, mostly in this state. Consider- 
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able work was put into surveys and the estimates showed that the 
installation cost of these powers averaged $450 per kw. Only a 
very few ran under $200, and none under $150. It appeared from 
this investigation that coal must approach $10 to $12 a ton before 
even a small number of these projects would become commercial. 
But the larger powers of the St. Lawrence and Niagara may pos~ 
sibly figure in the range indicated in the curves and make up for 
the additional cost of long-distance transmission. 

In prewar times, when coal seldom rose above $5 per ton, $125) 
per kw. of installation was considered as the limiting sum that could 
be spent on a hydroelectric installation, even where very short 
transmission lines were involved. With the raising of the coal price 
as well as the cost of all construction work, this figure may perhaps 
be as high as $200 per kw. where the market is not far away. 

Mr. Freeman has commented on the fact that the use of hydro- 
electric power in close proximity to its point of generation brings 
it usually below the cost of steam, but has also shown that the 
markets for power are almost invariably situated at a distance 
from the sources of hydraulic power. 

Summing up, the curves show the relation between steam gen- 
eration at the load center and water generation at a distance with 
coal prices within the range indicated. The transmission cost does 
not exceed 20 per cent of the total cost of water power and minor 
variations in distance or cost affect but little the location of the 
curves, nevertheless water power, even when more costly than steam 
power, has a place where coal is costly and may be impossible to 
obtain. The great extension of hydroelectric stations in certain 
European countries can only be justified by their lack of coal 
supplies. 


INTERCONNECTION OF POWER SYSTEMS 
By Haroup W. Buck} 


fle question of the distribution of power from water powers 
is a matter inseparably connected with the enterprise. 

One of the greatest movements which is taking place today among 
the great power companies of the country is the extension of 
their distribution systems over vast territories and of the inter- 
connection between these systems. Those who have not followed 
in detail the development of power transmission during the past, 
twenty years are perhaps not familiar with how far that tendency 
has already gone. We hear a great deal nowadays about super- 
power, and I am afraid that that word is being overworked and is 
leading the public to believe that some new and mysterious enter- 
prise is coming along the road which is going to cut their power 
bills in two. That, of course, is not the fact. 
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Some twenty years ago the Niagara Falls Power Company was 
engaged in the distribution of 200,000 hp. over a territory of some 
10,000 square miles. That had. elements of superpower in it, 
itself. Ten years ago, in the state of California, there was a net- 
work of transmission which was practically 700 miles from its 
northerly limit to its southerly limit. At the present time the 
entire states of North and South Carolina are connected solidly 
with a gridiron of lines operated by many water powers and some 
steam reserve. 

Within recent months, I am informed, certain transmission 
links have been completed so that power can be theoretically 
transmitted from St. Paul to Chicago, from Chicago to Indianapolis, 
Indianapolis to Cincinnati, Cincinnati to Louisville, Louisville to 
Nashville, Nashville to Birmingham, and Birmingham to Atlanta, 
through the systems of the Northern States Power Company, the 
Chicago Edison, the Ohio Power, the Kentucky and West Virginia 
Power Company, the Kentucky Utilities, the Tennessee Power, the 
Tennessee Eastern Power, the Alabama Power, and the Georgia 
Railway and Power Company. That is an enormous step in ad- 
vance in the line of superpower which is already today in existence. 

I do not believe, however, that this superpower idea is going to 
materially reduce the cost of power. I do not see that it is working 
that way in any respect. It is merely increasing the available 
supply of power and making it possible for the isolated manufac- 
turer who now operates an efficient plant to connect his works to 
the network and derive the very great benefit which will result 
from that. 

But the greatest and most important relation which this exten- 
sion and interconnection of lines has to water power is in making 
certain water powers available at all. I think it is a great fallacy, 
this discussion as to which is the cheaper, steam or water power. It 
befogs the issue and is not the question before us at all. Water 
power, to be made available, at least in the eastern states of this 
country, must, I think, in almost every case, be developed and 
operated in conjunction with a stream plant, and the question be- 
fore us is: How much of the stream flow of any given river is 
justified in development, and how much of the proportion must 
be carried by steam? 

At this point Mr. Buck displayed lantern slides showing the 
hydrographic records of the Tennessee River, the New River, the 
Hudson River, the Cumberland River, the Feather River, and a 
river in Japan under minimum- and maximum-flow conditions. 
He pointed out the necessity for a combination of steam plants 
with the water power available in order to bring the primary power 
to a reasonable amount in eastern rivers which flow in territories 
that have been built up and are occupied by railroads, highways, 
and other obstructions so that storage is difficult to develop at a 
reasonable price. For the Feather River, a western stream, ample 
storage facilities. were available, so that steam was not required 
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in the power development. The Japanese situation was such that 
the peak load was carried by the water power and a steam plant 
oe operated as a base-load plant at practically 100 per cent load 
actor. 

Mr. Buck concluded his remarks with a plea to those who are 
interested in water-power development to devote their efforts to 
the question of the proper combination of steam and water power 
in order to justify the development of the latter. 


GENERAL DISCUSSION 


N DISCUSSION from the floor, William Monroe White ! quoted 
an English statesman who said in an open Parliament meeting 
a few years ago, that the reason why the American manufacturer 
could compete successfully in the markets of the world and yet 
pay twice the rate of wage to the American workman that was paid 
to the British workman, was because each American workman 
directed twice the horsepower per man that the individual British 
workman did. Mr. White found that this ratio of available power 
to wage rate applied also in Japan. He pointed out the small 
amount of supervision necessary in the operation of hydroelectric 
plants and compared it with the effort to produce a like amount of 
power from coal, which requires the uninterrupted service of 1500 
men to mine, break, hoist, sort, load, transport, unload, store, 
rehandle, and fire under the boilers a sufficient amount of coal to 
produce 40,000 hp., where a hydroelectric plant of the same capacity 
requires but two men. Mr. White emphasized the fact that the 
utilizing of fifteen hundred men in this way, employing the already 
overloaded railways for transporting coal, was a great economic 
question. 

J. P. J. Williams ? emphasized the interests of the consumer in 
securing power at the lowest possible rate. He outlined the possi- 
bilities of economy in producing hydroelectric power through 
public ownership and public development and stated that three 
cents per kilowatt-hour is the price at which the Hydroelectric 
Power Commission of Ontario is producing power. He stressed 
the interest of the farmer in cheap power and read the resolutions 
of the Public Ownership League which advocate complete develop- 
ment and utilization of electric power in the interest of general 
welfare upon three principles: engineering efficiency, coordination 
of natural resources with electric utilization, and the interconnec- 
tion, coordination, and combined ‘operation of a large number of 
_ plants or systems of plants. 

1 Manager and Chief Engr. Hydraulic Dept., Allis-Chalmers Mfg. Co., 
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T. Kennard Thomson } quoted the Financial Post of Toronto in 
a statement that the privately operated companies in the province 
of Quebec were selling power at a much lower rate than the publicly 
owned companies of the province of Ontario. Mr. Thomson also 
called attention to the fact that developing the eight million 
horsepower from the Niagara and St. Lawrence Rivers during the 
next ten or fifteen years would only take care of the increased de- 
mand for coal or for power supplied by coal in the state of New 
York alone. 


1 Consulting Engineer, New York. Mem. A.S.M.E. 
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BOILER TEST RESULTS WITH PRE- 
HEATED AIR, COLFAX STATION, 
DUQUESNE LIGHT COMPANY 


By C. W. E. Crarxkn,! New York, N. Y. 
Member of the Society 


This paper describes the apparatus used and gives the results of an ex- 
tended series of tests carried out in the summer of 1923 on one of the wnits 
of the Colfax Station of the Duquesne Light Company, Pittsburgh, Pa., in 
which flue-gas air preheaters had been installed. The normal operating rate 
of evaporating of the boiler employed was the equivalent of 144,000 lb. of 
water per hour from and at 212 deg. fahr. and the preheater was designed 
to supply combustion air to the wind box of the stoker at'a temperature of 
235 deg. fahr. The results obtained show that the efficiency of the unit 
was increased by from 5 to 7 per cent by the use of the preheater. 


THE use of combustion air preheated by flue gas for boiler fur- 

naces is not new either as an idea or an application. The 
author has for many years felt that this method of heat reclamation 
if properly designed and installed is the most direct and ideal 
method. In 1902 he designed and installed preheating equipment 
in the East St. Louis Plant of Armour & Company. This instal- 
lation was of elementary design and failed to function properly. 
It was therefore abandoned. 

2 In 1921 the author again began actively to investigate the 
possibilities of heat reclamation by means of flue-gas air preheaters, 
proceeding as far as tentative designs of a plate type of preheater 
for installation in the Colfax Station. Early in 1922 the status of 
air-preheater results in Europe was investigated. The results 
actually obtained, even though installations were made under 
adverse conditions, were such that a trial installation of this type 
of air preheater was recommended. ‘The equipment was placed 
in service in 1923. 


DESCRIPTION AND ARRANGEMENT OF APPARATUS 


3 The general arrangement of the preheaters, ducts, dampers, 
and fan is shown in Fig. 1. The installation was made without any 
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addition whatever to the boiler house, the only changes required 
being an alteration of the uptake and the cutting of holes through 
the boiler-room floor for the preheated-air duct. The connection 
between the common forced-draft duct normally supplying the 
boilers was retained, being cut off by means of a shut-off damper 
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Fie. 1 GrneRaL ARRANGEMENT OF BOILER AND PREHEATER 
System AND LocaTION OF INSTRUMENTS 


when the preheater system is in operation. The air from the pre- 
heater is discharged by the fan into the stoker wind box through 
two ducts extending on either side of the boiler. A 74-ft. double- 
suction plate fan was used in this installation so that pressures 
of 11 in. of water could be carried if necessary, since no exact data 
on pressure drop through the preheater and duct system were then 
available. A. belt drive made various fan speeds readily available. 
This fan is now being replaced. by a more compact and efficient 
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direct-connected motor-driven unit, designed to meet the prevail- 
arte The duct work is insulated to prevent loss of 
eat. 

4 The preheater itself, Fig. 2, was constructed by the Combus- 
tion Engineering Corporation, following in general the designs of 
the Underfeed Stoker Company, Ltd., of London, England, except 
that ~ heating elements are placed back to back and separated 
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Fig. 2 Devrait or PREHEATER 


by a by-pass space fitted with a damper. The preheater is designed 
for operation when the boiler is evaporating the equivalent of 
144,000 lb. of water per hour from and at 212 deg. fahr., which is 
the normal operating rate of the Colfax boilers. It was not con- 
sidered worth while to install preheating equipment for ratings 
higher than this as extreme ratings are emergency conditions and 
the savings obtained would not justify the additional expenditure. 
When high overload ratings are required the preheater by-pass 
damper is opened to allow more uptake area. 

5 The arrangement of two banks of elements back to back 
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renders the maximum surface available in a given vertical dimen- 
sion. The preheater was guaranteed to supply air to the wind 
box at a temperature of 235 deg. fahr., the boiler operating at the 
evaporation rate given above. The tests indicate that the equiv- 
alent of this was actually obtained. 

6 The preheater is riveted and calked, but it was found im- 
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possible to make it tight. There is, therefore, a considerable 
infiltration of air into the flue gas, resulting in an exaggerated reduc- 
tion in temperature after the preheater and a reduction in actual 
preheater performance. A new design using welded construction 
throughout has been developed and will be used for the installa- 
tions now under way. An increase in preheater efficiency should 
be gained thereby. 
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7 The tests reported in this paper were made to determine the 
increase in efficiency of the boiler unit when using preheating 
equipment over and above that obtained without such equipment. 
Certain local conditions are inherent in the arrangement of appara- 
tus for boiler No. 9 at Colfax which may not obtain for a similar 
installation elsewhere. One point is that the temperature of the 
inlet air to the preheater is somewhat high, due to the preheater 
suction being located directly above the boiler tested. It is desired 


| GAUGE GLASS 


8" QUICK OPENING 
GATE VALVE 


2" CONNECTION FOR— 
CALIBRATION 


Fic. 4. Deratt or Mnasurinc TANK AND COUNTER 


to present here actual results, rather than calculations which would 
bring these conditions to a common basis. 

8 Tests were run on boiler No. 9 at the Colfax Station from 
July 14 to August 4. The runs were each’ of 24 hours’ duration. 
Each series, one with and one without the preheater, was con- 
tinuous for periods of eight and thirteen! days, respectively. No 
attempt was made to establish high efficiencies. Throughout the 
test the boiler and stoker were handled by the regular boiler-room 
force, with some assistance from the Westinghouse stoker engineers. 
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The operation did not differ from the regular daily method, with 
the exception of the manipulation of the wind-box dampers to give 
as nearly a constant rating as possible during the period of each 
test. In short, every effort was made to have the test results 
representative of day-to-day operation. 

9 The tests were directed and supervised by Dwight P. 
Robinson & Company, Incorporated, assisted by representatives 
of the Duquesne Light Company, the Babcock & Wilcox Company 
and the Westinghouse Company. They were conducted as far 
as possible in accordance with the A.S.M.E. test code. Approxi- 
mately forty-four observers were employed during these tests, 
operating in three shifts, their situations and functions being as 
indicated in the following tabulation: 


No. of Men 
Position Per Shift Total 

Mest Chietey-ncave. be sen oR i be sie er satin 1 = 
Coal weights and samples.............-. 1 3 
Measuring waltenas.. ca olvndlesntgrnatmete see santa ie S 2) 
Main gage board and general data....... 1 3 
Data ‘at, preheater fama. portent, sisi 1 3 
Nihescaspanalysisien ac cima meee mean 3 9 
Thermocouples and optical pyrometer.... 1 3 
Drafts:and. pressures. =. s Gao see hee ik 3 
Ash weights and samples...............- 2 2 
Extras andjrecerds#as o.. sues ome 2 6 

LO ball. Wntvotdte abot ae ree hee eas Se eer 16 44 


All coal and ash analyses were made by the laboratories of the 
Duquesne Light Company and checked by separate analyses by 
the Babcock & Wilcox Company. Readings were taken every 
fifteen minutes, a signal horn being used to start all observations 
at the same time. The boiler and preheater equipment is best 
described by the following tabulation: 


BOILER NO. 9 COLFAX STATION 


Babcock & Wilcox cross-drum, water-tube boiler, installed in 1922. 
Heating surface, 22,914 sq. ft. 
Working pressure, 275 lb. per sq. in. gage. 
Normal rating (100 per cent), 79,053 lb. of water from’ and at 212 deg. fahr. 
per hour. 
Tubes, 20 high, 51 wide, 4 in. diameter, 20 ft. long. 
Drum, 60 in. diameter, 34 ft. 1 in. long. 
Setting, 30 ft. 1 in. wide inside of walls. 
Superheater, Babcock & Wilcox, containing 2999 sq. ft. of heating surface, 
located in first pass of boiler. 
Furnace volume, 7500 cu. ft. 
Stoker, Westinghouse underfeed, 17-retort, 20-tuyere, extra long with side- 
wall tuyeres. 
Clinker grinder, double-roll, separate drive on each side of boiler: 
Grate, 29 ft. 10-1/4 in. wide by 13 ft. 6 in. effective length. 
Projected area, 218.31 sq. ft. 
Grinder-pit section, 163.89 sq. ft. 
Preheating surface, 11,200 sq. ft. 
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10 Feedwater was measured in the tanks shown in Fig. 3. 
The upper three tanks, used to measure the water, emptied into 
the lower receiving tank connected to the pump suction. The 
measuring tanks were filled to the top of the small neck. Excess 
water overflowed into the surrounding sleeve which was drained 
to the condensate system. The small section at the top of the 
measuring tank of course insures the maximum of accuracy in 
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water measurement. It was found that two tanks were sufficient 
to handle the water at a maximum boiler rating of 150,000 lb. per 
hour. The third tank was used as a spare. 

11 Bleeder connections were placed in connecting pipe, lines 
wherever there was any danger of leakage and were kept open 
during the tests. Blow-down lines were checked up by touching 
once a day. Counters placed on the measuring tanks proved 
satisfactory in checking the record kept by the observers. See 


Fig. 4. 
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12 Coal was weighed on the regular station larry, the weights 
being checked by an observer who also collected samples for 
analysis. A counter for stoker-ram strokes was placed on each 
of the seven sections of the stoker as an additional check on the 
coal fired. 

13 Samples for analysis were taken equally from each section 
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of the stoker hopper across the boiler immediately after the hopper 
was filled. One per cent of the coal fired was collected in this man- 
ner and worked down to a laboratory sample every eight hours. 
A special sample was taken for moisture determination. This 
sample was kept tightly covered in a cool part of boiler room. 

14 The ash was weighed wet and a sample taken for moisture, 
which sample was dried before quartering for the laboratory. A 
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sample for determination of combustible in ash was taken by 
dumping all the refuse on a wooden platform and saving one out 
of every ten shovelfuls. The part saved was then crushed and 
quartered down for the laboratory sample. 

15 Fuel-bed and front-wall temperatures were determined by 
means of an optical pyrometer. 

16 It was originally intended to sight upon a target suspended 
from the first row of tubes, Fig. 1, to determine the gas temperatures 
at the entrance to tubes, but it was found impossible to keep the 
brick in place longer than two days. However, the front-wall 
temperature, as seen from the same observation holes, corre- 
sponded very closely to the brick temperature, so that these were 
taken after the brick disappeared. The radiation effect from the 
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target and front wall to the relatively cool tubes is considerable, 
but for comparing temperatures with and without preheated air 
this error is negligible. 

17 Thermocouples were used to determine the gas temperature 
through the boiler. The low-temperature couples were made of 
No. 22 gage copper-constantan wire, the fine wire with the small 
bead reducing the radiation effect to a minimum. Special rare- 
metal couples were used for the higher temperatures, these being 
enclosed in wrought-iron pipe or quartz tubes; depending on the 
temperature to which they were subjected. The radiation effect 
on these couples was probably greater than in the case of the low- 
temperature couples, but the error should not affect the com- 
parison of tests with and without preheater. The couples were 
6 ft. overall and extended to a point approximately 4 ft. inside the 
furnace wall. The position of the couples is indicated in Fig. 1, 
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the wiring scheme in Fig. 5, and the detail of the low-temperature 
couples in Fig. 6. Temperatures in the preheated-air ducts were 
taken by means of indicating thermometers inserted in an oil well 
extending entirely across the duct. 

18 Flue-gas samples were taken at six points equally spaced 
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across the boiler at the top of the third pass, and at three points 
in the center of the first pass, also equally spaced as indicated in 
Fig. 1. Fig. 7 shows the arrangement of apparatus for sampling. 
Three Orsats were used continually: two in the third pass and one 
in the first pass. Analyses were made in rotation, gases at each 
point being analyzed once every 45 minutes. It was found unneces- 
sary to use water-cooled sampling pipes in the first pass on account 
of the relatively low temperatures. 
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19 Special sets of CO, traverses were taken at the center of 
the boiler at the top of the third pass from front to back, and at the 
center of the uptake before and after preheater from front to back 
as indicated in Fig. 8. One set of the three traverses was made for 
each 24-hour test run with the preheater in operation. 
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20 Drafts were taken at the same points as the gas tempera- 
tures, connections being made to a common 2-in. sleeve through 
the boiler setting. Pipe lines were run from the draft connections 
to a common draft-gage board with gages arranged in the same 
order as draft points in the boiler. 
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21 Scales were used to determine weight of coal, weight of total 
refuse (wet), of sample of refuse (dried) and for the calibration of 
the water-measuring tanks. Hach was calibrated sometime during 
each test. All were found to be accurate with the exception of a 
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small error in the ash-weighing scales, which were calibrated and 
the results corrected. 

22 All thermometers were calibrated during the test and the 
more important temperatures corrected accordingly. Thermom- 


eters calibrated for 3 in. immersion were used in practically all 
cases. 
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CoMMENTS on Test Dara anp Resuuts 


23 Referring to the data and results of the evaporative test on 
No. 9 boiler unit with and without air preheater, given in Tables 
1 and 2, the following explanations and comments seem advisable: 

24 In the test runs shown in Table 2, tests with preheater begin 
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with test No. 4. Three preliminary tests were run, but due to 
trouble with the preheater fan these were not considered official. 

25 Gas temperatures above the preheater, shown under Item 
14 (a) with the preheater in operation, are unduly low because of 
air infiltration through the preheater. 

26 The flue-gas temperature before the damper, Item 14 (0), 
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is approximately 15 deg. lower on the average than the same 
_ reading in the data without air preheater. This is due to the 
higher furnace temperatures and better COs, resulting in a more 
efficient heat transfer in the boiler. It will also be observed that 
Item 14 (6) does not check with Item 14 (m) due to the fact that 
Item 14 (m) is a reading from the permanent recording-thermo- 
meter installation with the element placed in the center of the pass, 
whereas Item 14 (6) is an average of six readings across the path. 
Readings 14 (e) to 14 (7), inclusive, are, of course, subject to the 
radiation effect of the cold tubes, but they are comparative for the 
runs with and without the preheaters. The temperature reading 
below the horizontal circulating tubes, Item 14 (n), by recorder is 
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lower than the reading before the damper due to the heat absorp- 
tion through the tubes. 

27 Draft readings before the preheater, Item 15 (7), are some- 
what inaccurate on account of the eddy currents set up by the 
boiler damper, which tend to stratify the gases at this point. The 
draft readings over the preheater, Item 15 (7), are very low due to 
the air infiltration referred to previously. 

28 It will be noted that the pressure readings at the fan dis- 
charge, Item 15 (m), and the pressures in the duct to the wind box, 
Item 15 (0), do not correspond. This is due to the fact that the 
duct to the wind box has a considerably larger cross-section than 
the fan discharge, resulting in a decrease in dynamic head and a 
higher pressure indication. 
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29 The temperature of the preheated air, Item 16 (f), was 
taken at the fan discharge rather than at the preheater discharge 
because the fan decreased the possible error due to stratification. 
As the preheated-air duct between the preheater and the fan 
suction is effectively insulated, the drop in temperature between 
these two points was considered negligible. ° 

30 The weight of dry coal per stroke of the stoker rams, Item 19 
(c), remained fairly constant, thus forming a check on the general 
accuracy of coal measurement. 

31 The weight of ashpit refuse is calculated from actual weights 
under Item 22 (a) and from coal and ash analyses under Item 22 (6). 
However, the ashpit losses are figured entirely from the laboratory 
analyses. The weighed quantities are not satisfactory for at least 
three reasons: 

a It is possible only to estimate the difference in amount of 
refuse left in the pit above the clinker grinders at the 
beginning and end of each test. This error is considerable 
due to the large size of the clinker-grinder pit 

b Considerable error is introduced in the ash weights by the 
presence of moisture, which varies from 20 per cent to 
35 per cent, this being determined from a comparatively 
small sample 

c No definite determination was made of the amount of refuse 
carried through the boiler into the stack. 

32 The amount of sprinkler water to the ashpit, Item 24, was 
measured by meter in the case of tests run with the preheater. It 
was found that these meters restricted the flow to a large extent 
and the meters were by-passed when the tests without the pre- 
heater were run. The figures given for the sprinkler water in the 
case of tests with the preheater are considerably less than those 
used for general operation. i 

33 The figures given under Item 25 (a), tank measurements, for 
the total weight of the water evaporated were used in all efficiency 
calculations. 

34 The weight of dry flue gas per hour, Item 34, was calculated 
from the CO: readings. These CO: readings, although affording 
a fair indication of the relative conditions for the various tests, 
cannot be considered as strictly accurate due to the variation in 
gas composition across the boiler and from front to back in the 
pass. This variation in gas composition across a section of one of 
the passes varies as much as 2 per cent in actual value of CO, 
and from front to back of the pass as much as 4 per cent in actual 
value of COs. With an average CO2 value of 12 per cent these 
figures correspond to a variation in excess air of 22 per cent and 
50 per cent, respectively, so that it is extremely difficult if not 
impossible to arrive at results actually representative of average 
conditions across the pass. 

35 The analyses of dry gases before the damper, Item 51 (a), 
show a complete absence of CO, H, and hydrocarbons. The anal- 
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ysis of gases in the center of the first pass, Item 51 (b), shows no 
indication of CO. The fact that no carbon monoxide was found in 
the first pass indicates that combustion is complete shortly after 
the gas enters the tubes. 

36 Figures shown under Items 43, 52, and 53 are the official 
analyses reported by the Duquesne Light Company laboratories, 
checked by independent analyses made in the laboratories of the 
Babcock & Wilcox Company. The determinations shown are 
approved by the latter company. 

37 Tests Nos. 6 to 10, inclusive, as shown in the data and results 
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for Boiler No. 9, without preheater, were run using the preheater 
fan for forced draft. The air inlets to the preheater were blocked 
off and doors in the suction duct to the fan were opened to take 
air directly from the boiler room. This was done on account of the 
closer air control possible by the use of the single fan. 

38 Tests Nos. 10, 11 and 12 were intended for high-rating runs, 
but the ratings planned were not reached due to excessive clinker- 
ing. Operation above 220 per cent of rating is not at all reliable 
under the present conditions. 

39 The reduction of gas temperature through the preheater in 
the runs without the preheater operating, as indicated under 
Items 14 (a) and (6), is due to air leakage and radiation, there being 
no air drawn through the preheater by the fan during these tests. 
Readings 15 (l) and 15 (m) are not complete, owing to the fact that 
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tests Nos. 1 to 5 and Nos. 11 to 13, inclusive, were run on the main 
air duct. j 

40 Curves shown in Fig. 9 indicate comparative boiler perform- 
ance with and without preheated air. The increase in efficiency 
due to preheated air as shown by the curves varies from 53 per 
cent at 114 per cent rating to 7 per cent at 200 per cent rating, the 
general effect being a tendency to flatten out the curve in the case 
of the preheated-air tests. This is due to the increase in heat 
transmission of the preheater with the increase in temperature and 
volume of flue gas and air through the preheater, and also to the 
marked decrease in the percentage of combustible in the ash as 
indicated in the comparison of curves showing combustible in refuse. 

41 The wind-box temperature increase due to the preheater 
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varies from 120 deg. fahr. for 114 per cent rating to 140 deg. fahr. 
for 200 per cent rating. This higher temperature is the limit that 
can be reached with the preheater equipment as installed. 

42 The exit gas temperatures are lowered in the case of tests 
with preheated air, the amount of reduction varying from 15 deg. 
fahr. at the lowest rating to 10 deg. fahr. at 200 per cent of rating. 
The reduction is explained by the higher mean gas temperature 
through the boiler, resulting in more effective heat transfer. This 
increase in mean gas temperature is due to the decrease in gas 
quantity as indicated by the increased CO. and the higher furnace 
temperatures using preheated air. 

43 'The curves indicate an average increase of COs for the results 
with preheated air varying from 0.7 per cent at the low rating to 
1.4 per cent at 200 per cent rating. This CO: increase is due to 
better combustion conditions. The fuel bed was much more 
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uniform and there was an almost entire absence of air holes or 
disturbances of any kind to break up the uniformity of stoker 
operation. 

44 It will be noted that the percentage of combustible in the 
ash remains practically constant for all ratings when preheated air 
is.used, the decrease of percentage of combustible over that for 
operation without preheated air varying from 6 per cent to 12 per 
cent. 

45 No material change in superheat is indicated. 

46 The increase in fuel-bed and front-wall temperatures for the 
test with preheated air over that without, shown by curves in Fig. 10, 
is considerably greater than the increase of the wind-box air tein- 
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perature on account of the reduction in excess air. The remaining 
curves in Fig. 10 are interesting in that they indicate the relative 
gas temperatures throughout the boiler. 

47 The curves in Fig. 11 show a decrease in draft loss through 
the boiler for preheated-air operation, varying from about 20 per 
cent reduction for the low rating to 30 per cent for 200 per cent 
rating. 

48 Fig. 12 indicates the temperature drop through the boiler 
with and without preheated air for conditions which obtain at 200 
per cent of rating. The curves clearly show that the mean tempera- 
ture for the total travel of gases is higher with preheated air, even 
though the final exit temperature is lower. 

49 Figs. 13 and 14 show curves of a typical test log with and 
without preheated air, respectively. These curves show the varia- 
tion of the load on the boiler during test, with corresponding 
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variations in the other principal readings, and are a representative 
indication of the continuity of the records. 

50 The charts shown in Figs. 15 and 16 indicate the frequency 
of hooking fires for tests with and without preheated air, respectively. 
These charts show that grinding out of the ashpit was less fre- 
quently required in the case of tests using preheated air. 

51 Curves in Fig. 17 show special CO: traverses at the top of 
the third pass and in the uptake before and after the preheater. 
As noted previously, such traverses were taken once for each test. 
The curves represent a typical example of the conditions existing. 
The decrease in CO, between traverse in the third pass and 
traverse in the uptake before the preheater is due to air leakage 
at. the expansion joint between the boiler damper frame and the 
uptake. The leakage in the preheater causes another drop in 
COs. 

52 Fig. 18 shows the approximate distribution of difference in 
efficiencies with and without preheated air plotted from cumulative 
heat-balance curves with the difference in the various losses super- 
imposed on the efficiency curves. These curves show clearly the 
proportion of the total efficiency gain which is due to better com- 
bustion conditions. The heat recovered from the ashpit loss is 
represented by the difference between curves EF and CD, but the 
variation in radiation and unaccounted-for loss brings the net gain 
to the efficiencies represented by curve AB. 

53 The outstanding advantages of the fiue-gas air preheater as 
evidenced by the installation at Colfax, in addition to the gain in 
boiler efficiencies as presented in the test results, are as follows: 


1 Simplicity 

2 Low cost of installation 
3 Low maintenance 

4 Small operating charges. 


As previously pointed out, the preheater equipment can often be 
installed without any additional building space. The compara- 
tively low cost of the equipment itself is evident from the fact that 
the total weight of material required to produce the same effect 
with water economizers is considerably greater and requires the 
use of an induced-draft fan for the flue gas and a special pumping 
system for the feedwater. 

54 As to maintenance, the preheater installation at Colfax per- 
haps has not been operated long enough to establish definitely 
reliable data. However, the only item questionable is the preheater- 
element construction. There has been, up to the present time, 
absolutely no indication of deterioration in this connection. 
Furthermore, the reduced amount of equipment required for the 
preheater installation as compared to an economizer installation 
reduces maintenance charges. 

55 The only operating cost cfgeste te to the preheater installa- 
tion is the power required for moving air through the preheater 
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and duct system. In the Colfax installation this amounts to about 
5 kw. per ton of coal fired, or the equivalent of less than 0.4 per 
cent of the coal used in the boiler. 

56 In addition to this, the more even furnace conditions, re- 
sulting in a less troublesome and smoother operation, constitute 
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an asset that is quite real even though it may be difficult to capital- 
ize its value. In this connection, the notes made by the Westing- 
house stoker engineers, covering conditions observed during these 


tests, include the following items: 
a The fuel bed was much more uniform with preheated air 
and no holes or disturbances of any kind appeared to 
break up the uniformity of operation 
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b The fuel ignited more readily 

c The fuel bed burned much more uniformly throughout its 
depth 

d There was less combustible ejected from the underfeed 
section to the clinker-grinder pit 

e Less carbon was contained in the refuse discharged into the 
ashpit 

f The refuse in the dinkor: grinder pit ground out with less 
trouble due to the character of the clinker 

g No clinker trouble of a serious nature was encountered at 
any time. The clinker itself was harder and more easily 
handled. 

57 The preheater equipment was placed in operation on May 7, 
and was in service until June 13, when the boiler was shut down for 
overhauling prior to the tests. Some readjustments were made in 
the spacing of elements which had been forced out of line by uneven 
expansion stresses. The boiler and preheater were placed on the 
line again on July 10, and with the exception of the period for the 
tests run without preheater, were in continuous operation supplying 
preheated air until October 19. Trouble with the preheater fan 
then necessitated taking air again from the regular forced-draft- 
fan duct. Careful inspection of the preheater revealed no indica- 
tion of soot or other deposits, so that it was unnecessary to make 
use of any soot-blowing equipment, although the installation of 
such equipment was considered at the time the equipment was put 
in service. The vertical position of the elements and the weaving 
of the plates due to temperature and pressure variations, together 
with the scouring action of the gases, are evidently responsible 
for this condition. 

58 These tests do not indicate in any sense the limit in tempera- 
ture which can be successfully used for combustion air. There are 
no indications whatever of any undesirable effects on the stoker 
parts, or of general combustion conditions which were not favorable 
to the higher air temperatures used. It is quite probable that still 
better results could be gained with somewhat higher temperature 
than that used. 

59 The reduction in boiler draft loss in a measure offsets the 
draft loss through the preheater, so that the height of stack to offset 
the drop in flue-gas temperature is not so great as would ordinarily 
be expected. 

60 Feedwater temperatures throughout the tests were low. 
These temperatures do not represent the normal conditions at the 
Colfax station, but were necessitated by the arrangement of water- 
measuring apparatus, which did not permit the water to pass 
through the heater system. 

61 In working up the tests the fact was Brushes out that the 
Boiler Test Code as it stands at present is somewhat indefinite as to 
what normal combustion-air temperatures entering the boiler should 
be. The inference is that boiler-room temperature should be used for 
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this air when calculating efficiencies and heat balance. On account 
of the variation in this temperature at different positions around 
the boiler this figure is very indefinite. The heat balances given in 
the present paper were therefore figured on the basis of the actual 
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air temperatures in-the wind box. It is believed that a revision of 
the Code to define more clearly standard conditions of air tempera- 
tures should be made. This matter is especially important in 
comparing results with preheated air. 


598 BOILER TEST RESULTS WITH PREHEATED AIR 


DISCUSSION 


Joun H. Lawrence. It would be of interest to learn whether the 
boiler which was tested was in service long enough to determine 
whether there would be excessive maintenance on the brickwork. 
The writer understands that in Europe, where air preheaters have 
been used extensively, considerable trouble with furnace mainte- 
nance has occurred due to the higher furnace temperatures. The 
air preheater will be used extensively in the future. The regenera- 
tive cycle seems to be the logical one for present-day power stations. 
To make full use of it the feedwater should be heated to as high a 
temperature as is practicable with the steam bled from the turbine. 
This reduces the economic field of the economizer, and unless there 
is some means of recovering heat from the flue gases, considerable 
waste will ensue. There thus seems to be a wide field for the air 
heater, provided the maintenance cost on the furnace can be 
kept down. - 


C. F. Hirsurevp. The writer believes that the results recorded 
in the paper are attainable results, but that the paper does not 
prove this fact. The author states that the tests were run by the 
operating force under as nearly as possible regular operating con- 
ditions. The results of the tests show that the possible magnitude 
for improvement without the use of air heaters is such that the 
improvement credited to the air heaters is not at all a proof of 
their possibilities. The writer and others have made calculations 
on a large number of tests of air heaters, which were fairly closely 
performed and these calculations indicate results of about the 
magnitude recorded in the paper. We are therefore fairly safe in 
accepting the conclusions drawn, although the tests themselves 
would not warrant the acceptance of ihe: conclusions unless sup- 
ported by other data. 

In regard to maintenance of the brickwork, it is obvious that 
greater difficulty will be experienced as the furnace temperature 
is raised and that the maintenance, therefore, will be higher. This 
is particularly true with stokers requiring the use of an arch. 
However, the refractory manufacturers are now beginning to appre- 
ciate the fact that refractories must be sold on a scientific basis. 
The work of the Mellon Institute and the Government bureaus, 
together with that of the large operating companies, is providing 
a fund of information which will permit the purchase of refractories 
on rational lines. Therefore, when air heaters come into extensive 
use, the refractory manufacturers probably will be able to produce 
satisfactory refractories and the information will be available to 
enable these to be chosen wisely, with the result that maintenance 
costs will not be prohibitive. 


A. A, Apter. One danger that will confront the users of air 
preheaters who burn coal on ordinary stokers or hand-fired grates, 
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is that for nearly every coal the ash is dangerously close to the 
fusing point at usual rates of driving boilers. The increased tem- 
perature of the fuel bed with preheated air is likely to fuse the ash 
in the coal and thus diminish the air supply and cut down the boiler 
capacity due to the formation of clinker. The evident field for 
preheaters is in powdered-coal furnaces and for oil burning. Pre- 
heaters applied to ordinary plants burning coal may lead to more 
trouble than the increased efficiency will warrant. If by preheating 
the air the theoretical efficiency is improved, say, from 3 to 4 per 
cent, but if at the same time the coal consumption is increased by 
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20 to 25 per cent due to fusing, the loss in a few weeks will wipe out 
the prospective gain for much longer time. 


Leo Lors. This discussion applies to the paper of Mr. C. W. 
FE. Clarke? and to that of Messrs. Funk and Ralston,? since in 
analyzing one of the phases of the former the writer inadvertently 
came upon some phases of the latter. 

After reading Mr. Clarke’s paper this question arose: Apart from 
the thermal considerations, what are the purely physical features 
which explain the higher efficiency attained with air preheaters? 
In order to answer this query, the writer plotted for both series 
of tests a heat input-output chart, shown in Figs. 19 and 20, in 
which the abscissas represent the B.t.u. input per hour and the 
ordinates represent to the same scale the B.t.u. absorbed by the 
boiler and superheater per hour. 


1 Paper No. 1911, page, 567. 2 Paper No. 1912, page 607. 
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The two curves in each figure represent respectively the input 
based on heat in coal as fired and heat liberated in the furnace, 
that is, heat in combustible. The output at any point of the lower 
curve represents the combined furnace and boiler efficiency times 
the input, while in the upper curve the furnace efficiency has been 
largely if not entirely eliminated. 

Fig. 21 reproduces the upper curve of the first two figures, and 
while there can be some slight difference of opinion as to the slopes 
of the lines, it will be generally admitted that the output is a 
linear function of the input for the operating range covered by 
the tests, namely, from 100 to 200 per cent of builder’s rating, and 
that the lines are approximately parallel. This means to the writer 
that the heat-absorbing efficiency of the heating surface of the boiler 
and superheater is not increased by preheated air, but that the gains 
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recorded are due, first, to increased furnace efficiency, and second, 
to increased absorption of radiant heat as indicated by the inter- 
cept of the input-output curve on the vertical codrdinate. This is 
confirmed by the test data relative to fuel-bed and front-wall 
temperature. 

The heat balance in the author’s tables shows for equivalent rat- 
ings an average increase in furnace efficiency (as measured by 
decreased loss due to combustible in ash and refuse) of 2.1 per cent, 
and the input-output curves show an increase in radiant-heat 
absorption of about four million B.t.u. per hour. In each case the 
heating surface efficiency is almost exactly 80 per cent. 

With these results in mind, as well as many similar linear func- 
tions plotted for other makes of boilers over a wide range of ratings, 
it is difficult for the writer to understand how Messrs. Funk and 
Ralston obtained the form of input-output curve shown in Fig. 1 
of their paper. It is, of course, a fact that at no load the curve has 
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an intercept on the input axis and must therefore bend toward 
that axis at low rating, but this intercept represents conditions 
obtaining when the apparatus is no longer a generator of steam. 
It follows that over the normal working range of a standard type of 
boiler with clean surfaces, the equation of the input-output curve 


1s 


Y=AX+B 


where A is a constant depending upon the furnace efficiency and 
upon the heating-surface efficiency of a particular installation, and 
B is a function of the absorption of radiant heat and of other factors. 

Possibly there is another term of higher order in the equation 
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when an economizer is a part of the equipment. However, the 
writer is unable to agree with the conclusion of Par. 10. 

Mr. Funk’s equation does contain a final term which, taken with 
the first, might produce a correct result, but this has been dismissed 
in Par. 14 with the statement that ‘it is made up principally of 
blow-down and soot-blower losses, and these are not originally 
included in boiler-test results.” 

The writer would appreciate a. fuller exposition of the reason 
why the coefficient of X is unity, instead of a decimal less than 
unity when the units are the same on both axes. 


A. G. Curistis. Mr. Clarke’s paper presents the first recent 
American data on the effect of air preheaters. Some significant 
facts may be deduced from these tests. The tabulated data show 
that without preheaters the average air temperature entering the 
furnaces was 96 deg. fahr., while with preheaters this average was 
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226 deg., a difference of 180 deg. In order to determine the influence 
of this preheating on the boiler efficiency an estimate was made of 
the actual air used. This figured out about 15.15 lb. per pound of 
coal with preheated air. In order to reduce the two sets of tests to 
a comparable basis it was assumed that the flue-gas loss with pre- 
heaters could be reduced an amount equivalent to preheating the 
air 130 deg. fahr., which by calculation amounts to 3.6 per cent. 
The curves in Fig. 18 show a saving of about 4.5 per cent as re- 
covered from the stack losses. Where did the 0.9 per cent come 
from? 

A calculation of excess air for loads up to 200 per cent rating 
showed that it averaged 58 per cent without preheater and 51 per 
cent with preheater, a saving of 7 per cent by the use of the air 
preheater. This decreased excess air together with the lower carbon 
content of the ash undoubtedly accounts for the higher average 
CO: with the preheater. However, the decrease of 7 per cent in 
excess air should only result in an increase of 0.25 per cent in 
efficiency in this particular case. There still remains an unac- 
counted-for gain of 0.65 per cent in efficiency. The author states 
that the flue-gas temperature averaged 123 deg. lower with pre- 
heaters than without, and this would account for the gain of 0.65 
per cent. 

The writer’s reason for making this form of analysis is te ‘em- 
phasize a fact that has been suggested by other tests, namely, that 
there is a distinct gain in boiler efficiency by the use of preheated 
air over and above that due to heating the air alone. In this case 
it is 0.65 per cent. 

The efficiency of the preheater is not stated. If it is assumed 
that an ideal preheater could heat the air to the temperature of the 
entering flue gases, then the efficiency of the preheater may be - 
expressed as the actual air temperature rise divided by the differ- 
ence between entering flue-gas and entering-air temperatures. In 
this case the average rise in temperature was 121 deg. fahr., and 
the maximum theoretical rise 374 deg. fahr., giving an efficiency of 
32.4 per cent. This seems about the average efficiency to be ob- 
tained by this type of air preheater according to other data that 
are available to the writer. 4 

What is needed today is a simple, cheap form of air preheater 
that will be permanent and will remain clean, and that will give 
efficiencies of the same order as the boiler efficiency, i.e., 70 to 80 per 
cent. The Ljungstrém preheater recently offered in this country 
- has an efficiency according to recent statements in Beama of 70 to 
75 per cent. It is, however, subject to some criticism from a 
mechanical point of view and it is being offered at a prohibitive 
price. The idea of using sheet-steel plates for regenerators is an 
old American idea, having been used in the Rider-Ericcson hot-air 
engine years ago. Some bright genius should be able to develop a 
regenerative form of air preheater, cheap to build, mechanically 
correct, and reliable in operation. Such a preheater combined with 
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high-stage turbine bleeding would produce a very attractive heat 
balance. 


R. Sanrorp Ritny. We are greatly indebted to the author for 
the data and analysis of the results of operating with preheated 
air. The increase in efficiency of 53 to 7 per cent is gratifying 
and opens up great possibilities for improved operation with stoker 
fired plants. 

The most impressive feature to the writer is that there are appar- 
ently no bad results in the fuel bed. There is an actual decrease 
of combustible in the ash, and apparently the stokers are as easy to 
operate with preheated air. However, it will not do to draw too 
positive conclusions from this particular performance. The fusing 
temperature of the ash in the coal is not mentioned, but we must 
assume that it was relatively high. What would happen with coal 
containing ash of low fusing temperature may be another story. 

For instance, the series of evaporation tests presented before the 
Industrial Heating Congress in Paris in June, 1923, show that 
although the preheating was very moderate, only 72 deg. fahr., 
there was serious trouble in the fuel bed. A translation of part of 
a paper presented by Mr. Kammerer, Chief Engineer of the 
Alsacian Association of Steam-Plant Proprietors of Mulhouse, 
follows: 


What constitutes the unexpected result is that the output obtained with 
air preheating has been on the average a little lower than that without air 
preheating. One would have had aright to expect the contrary, for, even if 
we agree that a rise of temperature of 72 deg. fahr. of the combustion air 
ought not to have a very noticeable influence on the progress of combustion 
in the stoker, the additional recovery of the sensible heat contained in the 
gases which the air preheater enables us to obtain when it is placed back of 
the economizer, ought to constitute a net calorific gain. 

Examination of the heat balance enables us to assign a reason for this 
established paradox. In reality, the additional saving of heat realized by 
the preheater, which averages 2.5 per cent, is more than offset by the increase 
in losses due to combustible in the ash, which averages 3.65 per cent. 
Although these ought normally to be more completely burned with warm 
air than with cold air, we have discovered, on the contrary, how difficult it 
was for the fireman to avoid, during the tests of warm air, a carrying away 
of coke in the ashes, the latter being in a plastic state, and surrounding the 
pieces of coke completely. All efforts to arrive at a better combustion of the 
ashes have been in vain. Now, this difficulty disappeared as if by magic 
when we stopped preheating the air. The ashes melted less and could be 
burnt up perfectly at the lower end of the firebox, without the fireman hay- 
ing to give special attention to the matter. 

We may conclude that, at the time of the run with warm air, the tem- 
perature of combustion must have reached that of fusion for the ash, just 
as it remained less with the feeding of cold air. The fusion temperature was 
in fact particularly low in the case of the fuel used; it was found in our 
laboratory, for the specimen of coal selected during the test, equal to 2048 
deg. fahr. 

This example, which should by no means be interpreted as opposing the 
use of warm air, shows how far, in modern installations aiming for high 
temperatures in the furnace, those factors which at first glance appear wholly 
secondary can influence the output or the conditions of the run. 
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From the above it will be seen that there are two sides to this 
preheating question, and we need more data in this country before 
general conclusions may be drawn. We must concede that more 
work has been done along this line in Europe than in this country, 
yet the preheating of air has not been generally adopted or con- 
ceded to be advantageous over there. It would be unfortunate if 
the results described by Mr. Clarke were accepted as a criterion of 
what may be expected of preheated air with any kind of coal. The 
above translation of results obtained abroad speaks for itself and 
should sound a note of caution and stimulate experiments in this 
country with other kinds of coal. We particularly need informa- 
tion including the temperature of fusing and other characteristics 
of the ash. 


F. P. Farrcurip.! Professor Christie’s observations as to the 
causes resulting in the increase in efficiency with the air preheater 
are interesting. The curves shown in Fig. 18 could, of course, be 
further analyzed, but it was thought unnecessary to do so in this 
paper. He goes into the matter of efficiency of the air preheater 
alone and gives some theoretical figures. We did not attempt to 
work out the efficiency of the preheater, as there was a great deal of 
air infiltration which we were unable to stop. Likewise we made no 
attempt to determine the heat transmission of it. 

Regarding Mr. Riley’s discussion, it is perfectly true that the kind 
of coal, the fusing point of the ash, the type of stoker used, the 
dimensions of the furnace, the amount of the boiler surface subject 
to radiant heat, all affect the part of the increase in efficiency due 
to better combustion conditions. As stated in this paper, we are 
here presenting the results of tests on an actual boiler installation 
and have made no attempt to correct them to apply to various” 
conditions obtaining elsewhere. The use of a relatively moderate 
amount of preheat on this boiler at Colfax was due directly to the 
fact that Mr. Clarke’s investigations in Europe indicated that 
difficulties such as Mr. Riley cites must be considered. 

Regarding Mr. Lawrence’s question, I would say that this pre- 
heater installation operated continuously for about five months 
and we were unable to detect any tendency to speed up the deteri- 
oration of the brickwork. It is possible that some of the castings 
in a clinker-grinding pit might require a little more maintenance. 

I am not quite sure whether Mr. Hirshfeld intends to question 
whether these tests were results which can actually be obtained day 
in and day out. Our daily checks on the operation of the boilers 
bear out approximately the results that this paper discussed. 

Regarding Mr. Hirshfeld’s further remarks, the same answer 
applies as in the case of Mr. Riley’s discussion. The actual results 
at Colfax certainly show that the ashpit loss is less, that the clinker 


Closure to discussion prepared by Mr. Fairchild who presented the paper 
in the absence of Mr. Clarke. 
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is handled more easily, and that the operators prefer to operate 
the boiler with the preheater rather than those without the pre- 
heater. 

One question that has been brought up is the variation in the 
draft loss on the gas side through the preheater. As noted in the 
paper, these figures given in the tabular form are not reliable on 
account of leakage, but other tests which were run with the air 


side of the preheater closed off indicate that a loss of about 0,25 in. 
exists. 
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Noting the lack of adequate mathematical treatment in the literature on 
the subject, the authors have applied themselves to the determination of a 
rational formula for expressing boiler-plant performance. The paper 
shows how this formula may be applied, and also discusses the question 
of operating at minimum cost. The authors believe that with the analysis 
which they present considerably more rational practice can be followed, 
both in the matter of daily operation of existing boiler plants and in the 
design of new plants. 


(THE subject-matter of this paper falls naturally into three 
distinct parts; and it will be so presented. 

2 Part I is devoted to the development of a rational formula 
for expressing boiler-plant performance, and to the determination, 
from boiler-efficiency guarantees or tests, of the values which the 
constants in the formula take for any given boiler. 

3 In Part II the boiler formula is applied in solving the 
problems of operation at maximum boiler efficiency, at maximum 
boiler-room efficiency for a given load, and at maximum daily 
boiler-room efficiency. 

4 In Part III the problem of operation at minimum total 
cost, including investment, operating and maintenance charges, 
is considered. 


I— DEVELOPMENT OF A RATIONAL FORMULA FOR 
EXPRESSING BOILER-PLANT PERFORMANCE 


5 The B.t.u. input per hour, the B.t.u. output per hour, and 
the efficiency of a boiler, all at any given rating, are connected 
by the following relation: 


1 Operating Engineer, Philadelphia Electric Company. “ 
2 Engineering Dept., The Philadelphia Electric Company. 


Contributed by the Power Division and presented at the Annual 
Meeting, New York, December 3 to 6, 1923, of THe AmmRICAN SOCIETY 
or MecuanicaL ENGINEERS. 
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B.hp. X 33,479 X x 
Efficiency at output rate z 


[1] 


B.t.u. input per hour = 


in which 
B.hp. = nominal builders’ boiler-horsepower rating of the boiler 
x = boiler output rate; that is, the percentage rating 


at which the boiler is operating, expressed as a 
decimal; e.g., 100 per cent rating = 1.00 boiler- 
output rate 

33,479 = number of B.t.u. in one boiler horsepower-hour. 
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equipped with an underfeed stoker. Curve B is shown as the sum of all the curves 
in Figs. 2 to 4, inclusive, into which it may be resolved.) 


6 It will be noted that the right-hand member of Equation 
[1] is composed of a constant and a variable, the variable quantity, 
which will hereafter be known as the input rate, and designated 
by the letter y, being 

Hi 


a Efficiency at output ratexy © °° * * [2] 
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7 For the present purpose the input-output curve has the 
great advantage over the efficiency curve that it can be adequately 
represented by an algebraic equation of simple form, the con- 
stants of which are easily determined and have definite physical 
meanings. 

8 Curve B, Fig. 1, has been obtained from curve A, which is 
a typical boiler, furnace and economizer efficiency curve for a 
modern boiler equipped with an underfeed stoker. Curve B may 
be represented by the formula 
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Fic. 2 GrapH OF EQUATION y = 2 


in which a, c, d, and g are coefficients, and b and f are exponents; 
these values for any given boiler plant are readily determined 
directly from boiler tests. 

9 The physical meaning of each term of Equation [3] will 
now be separately shown and explained. 

10 First, a boiler or a boiler plant, like any other apparatus 
for the conversion of energy, must have as one portion of its 
energy input an amount equal to the output, hence the first term 
of the equation, y = x (see Fig. 2). ; 

11 Second, the boiler or boiler plant has a constant loss, 
whether the boiler is carrying load or not. This loss is represented 
principally by the heat necessary to keep steam up at no load, by 
the no-load loss of fans, etc.; and all other losses which do not 
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depend on the rate at which the boiler is operated are also included 
in this term, y = c. 

12 Third, a boiler or boiler plant has losses due to greater 
radiation, higher flue-gas temperatures, increased combustible in 
the ash, choking of the combustion chamber, increased fan power, 
etc., at the higher output rates, which increase in more than direct 
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Fic. 6 Borer Inpur-Oureut Curves 


(Curve A is plotted from data of tests. Curve B is Curve A corrected for steam 
consumption of boiler auxiliaries. Curve C is Curve A corrected for steam con- 
sumption of boiler auxiliaries and for variation of turbine steam rate with superheat.) 
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proportion to the output rate, and are included in the term 
Mp (Oae, ee. Sy. 

13 The fourth term is mentioned here simply to recognize its 
existence, because it has an appreciable value only at output rates 
considerably below 1.00. This term (y = de, see Fig. 4) repre- 
sents all those losses which are highest in value at no load, and 
which decrease more or less rapidly from no load until output 
rate 1.00 is approached. The principal losses included in this 
term are those due to the difficulty of maintaining a uniform fire 
thickness; the low velocity of air through the fuel bed; and the 
low firebox temperatures. The coefficient d is equal to the value 
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Curve A, power for forced-draft fans; Curve B, power for induced-draft fans; 
urve C, sum of Curves A and B; Curve D, fairing of Curve C.) 


of the term at zero output, while the magnitude of f is determined 
by the rate at which the value of the term decreases with in- 
creasing values of x. This term will be dropped at this point. 

14 Fifth, the last term, y = gz, Fig. 5, does not appear in the 
equation of a single boiler as it is made up principally of blow- 
down and soot-blower losses, and these are not originally included 
in boiler-test results. 

15 Referring again to Fig. 1, it will be noted that the total 
curve B is made up by combining all the component curves. 

16 For purposes of analysis it is necessary to evaluate the 
various exponents and coefficients in Equation [3], which now 
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1 € is the base of the natural system of logarithms. 
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17 It should be remarked here that the values of a, b, and c 
are fixed by the original design of the boilers and the boiler plant; 
and once determined for any boiler plant they remain constant, 
except as careless operating methods result in poorer efficiency 
than should be obtained. 


DETERMINATION OF THE CONSTANTS IN THE Borter FormMuna 


18 To determine for any given boiler or boiler plant the values 
of a, b, and ¢ in the boiler formula, having given the boiler and 
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furnace efficiency at a number of output rates, construct the input- 
output curve. Curve A, Fig. 6, shows the result of this process 
for a certain boiler. 

19 This curve must be corrected for the steam consumption of 
the boiler auxiliaries; and also, if the load on the boilers consists 
of steam turbines, for the change in steam consumption of the tur- 
bines due to the change of superheat with change in the boiler 
output rate. The method of making the first correction is quite 
obvious, but the second may require explanation. 

20 In Fig. 7, curve A represents the power for the forced- 
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draft fan, curve B that for the induced-draft fans, and curve C 
the sum of curves A and B. To facilitate plotting and computa- 
tion, curve D has been drawn in place of C with its discontinuities 
due to the method of motor speed control. 

21 In Fig. 8, curve A represents the steam consumption of the 
main turbines for the power output of curve D, Fig. 7, and curve 
B the corresponding correction to be applied in Fig. 6. Curve B, 
Fig. 8, is obtained from curve A by dividing the steam-consump- 
tion values of curve A by the number of pounds of steam delivered 
by the boiler at 100 per cent rating. In this installation the forced- 
and induced-draft fans are motor-driven. Therefore the electric 
power required must be reduced to steam consumption. 

22 In installations where the fans are turbine-driven the steam 
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consumption will appear not directly as the steam consumption 
of the auxiliaries, but as the steam consumption of the auxiliaries 
multiplied by the heat extracted from the steam by the auxiliaries 
and divided by the total heat of the steam; since all the heat in 
the exhaust from these auxiliaries is returned to the boiler and 
should not be considered in the total boiler output. 

23 The power consumption of the stoker motor has been pur- 
posely neglected as being too small to be seen on the scale of 
Fig. 6. 

24 To correct curve A, Fig. 6, for the auxiliary steam con- 
sumption, it must be remembered that at any boiler output rate the 
auxiliary steam consumption is subtracted from the available steam 
from the boiler at that output rate without reducing the coal 
consumption. The corrected curve is shown by the dotted line B 
in Fig. 6. 
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25 The superheat of a boiler varies more or less widely through 
its load range. With the superheat the heat content in B.t.u. 
per pound at steam condition above that of the boiler feedwater 
also varies, and consequently the number of pounds of steam per 
hour at 100 per cent of rating. 

26 The steam rate of a turbine also varies considerably with 
the superheat of the steam supplied to it. 

27 On account of this interrelation between the characteristics 
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of the boiler and the turbine with respect to superheat, they 
must be considered as a unit. 

28 <A convenient method of accomplishing this is -to correct 
the curve of actual boiler input-output at varying superheats to 
equivalent boiler input-output at a single value of superheat, 
preferably, for simplicity, that at which the turbine steam rates 
are specified; then, in all further calculations involving turbine 
steam rates, to use the rates specified at the standard superheat. 
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29 Fig. 9 is typical of the relation between superheat and 
boiler output rate. 

30 In a particular turbine installation the guaranteed steam 
rates were specified at a standard superheat of 175 deg. fahr. 

31 The ratio in which the steam consumption decreases with 
increasing superheat, as shown by curve A, Fig. 10, is not a clear 
gain of equivalent boiler output rate, because at the same time 
the number of pounds of steam per hour in 100 per cent of boiler 
rating is decreasing according to curve B, in which the number of 
pounds of steam per hour in 100 per cent of rating at the standard 
superheat is taken as unity. The ratio of boiler output rate at 
actual superheat to equivalent boiler output rate at standard 
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superheat is given by dividing the ordinates of curve A by those of 
curve B. Curve C shows the result of this division. ; 

32 In Fig. 11 is shown a curve giving the corrections which 
must be added to the abscissas of curve B, Fig. 6, to obtain the 
desired curve of equivalent boiler input-output. This correction 
curve is developed by combining Fig. 9 and curve C, Fig. 10. 

33 It might appear from the close agreement of the finally 
corrected curve with the uncorrected one, as if the labor of making 
the correction was not justified by the results of the process; 
but this agreement is incidental, depending on the data of the 
particular case, and is not at all inherent in the method. 

34 The method of obtaining from curve C, Fig. 6, the values 
of the constants, a, 6, and ¢ in Equation [4] for boiler input- 
output will now be developed. 
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35 Subtract from each ordinate the corresponding abscissa. 
Plot these differences as ordinates against the same abscissas (Fig. 
12). This gives the new formula: 


oe en are a AOE ET 


in which z represents the total boiler losses at any given output 
rate. 

36 From an inspection of the curve and the formula it will be 
noted that when « equals zero, ax’ also equals zero. Therefore 
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2 =c. To determine c, select three points on the curve (P at x1, 
ai; Q at x, 22; and R at 23, 23) such that 
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37. The proof of Equation [7] follows readily from the con- 
struction for the graphical determination of c. This construction 
is: Project a horizontal line from P until it intersects with the 
vertical line projected from the point Q at L; project a horizontal 
line from the point Q until it intersects a vertical line projected 
from the point R at N; draw a line through Q and R, and another 
through L and N; the point U at the intersection of these two 
lines is at the height 2 = c. 

38 Still using the last curve plotted in Fig. 12, or the equation 
z= ax+c, it will be noted that when «= 1, az’ =a and 
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Fie. 13 CHart ror DETERMINING VALUE OF THE CONSTANT b IN 
Equation [4] 


39 By substituting in Equation [8] the value of z obtained 
from the curve in Fig. 12 when x = 1, and that of c just deter- 
mined, the value of a may be found; or the value of a may be 
read directly if in the construction for determining c, 2, = 1. 
In that case TP (Fig. 12) will equal a. 

40 At some other value, preferably one of the points used in 
determining c, substitute in the equation z= az*+ e¢ the known 
values of c, a, and z, and solve for b. The values of a and b can 
also be determined graphically, using logarithmic cross-section 
paper, by placing Equation [5] in the form 


2—c= ax 


41 An alternative graphic solution for the value of b is given 
in Fig. 13. To use this chart, enter at the selected value of (g—c) . 
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on the lower scale; proceed vertically to the line representing the 
value of a as already determined, then horizontally to the curve 
representing the value of x which corresponds to the chosen value 
of (g—c). The abscissa of the point thus found represents the 
desired value of b, according to the scale on the axis so marked. 

42 The procedure in application is as follows: Obtain the 
input-output curve by dividing the output rate by the efficiency at 
that output rate. Correct the input-output curve for boiler auxili- 
aries and superheat. Obtain curve for Equation [5] by sub- 
tracting the output rate from the input rate for each output rate 
point. Select on this curve three points whose abscissas are in the 
proportion given in Equation [6]. Solve for c by the use of 
Equation [7]. Solve for @ by using Equation [8] and the value 
of z obtained from the curve when x = 1. Solve for b by the use 
of Fig. 13. 

43 All of the constants in Equation [4] have now been deter- 
mined, and the numerical values of a, b, and c can be substituted 
for the literal ones. Data obtained from an actual boiler instal- 
lation have been used in preparing the foregoing charts; and for 
this installation the constants have been determined as follows: 


0802-2 GO AGO%) C— Oat 
Equation [4] can therefore now be written (for this installation) 
y =x+ 0.022% + 0.27 


IIL— APPLICATION OF FORMULA IN ANALYSIS OF 
BOILER-PLANT OPERATION 


44 The analysis to follow is strictly limited in its application 
to boiler plants in which all of the boilers have equal ratings and 
similar performance characteristics. It is further assumed that 
any station load is divided equally among the boilers which are 
steaming. These limitations are not unwarranted in the case of 
many modern plants; and without them, as will be shown later, 
the analysis would become unduly complex. 

The following symbols will be used in this analysis: 


K = number of tons (2000 lb.) of coal to produce one boiler 
hp-hr. at 100 per cent efficiency 

Kp = number of tons (2000 lb.) of coal to bank one boiler hp. 
for one hour | ; 

nominal rating of each boiler in boiler hp. 

load factor of the station load (as a decimal; 100 per 
cent = 1) 

= station load in boiler hp. 

number of boilers steaming at the load L 

number of hours’ duration of the load L 

boiler output rate at the station load L and with N boilers 
steaming ee eee en i an ee ee 


ll it 
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y = boiler input rate corresponding to the boiler output rate x 

E = boiler efficiency (expressed as a decimal; 100 per cent 
= 1) at the boiler output rate z. 

Tg = number of tons (2000 lb.) of coal burned per steaming 
hour per boiler at the boiler output rate z. 


45 In particular, L1, Ni, li, %1, y1, #1, and 7's: refer to the 
maximum station load of the day. Is, Ls, ete.; Noe, Na, etc.; 
he, ha, etc.; 22, Xs, etC.; Yo, Ys, etc.; He, Es, etc.; T'g2, T's3, etc., 
refer to loads other than the daily maximum. 

46 It is assumed that at the time of the daily maximum load 
no boilers are banked. Therefore N2, N3, etc., may be equal to 
Ni, but cannot be greater, and 


Ni — No, Ni— N3, etc. = number of banked boilers at loads 
In, Lz, ete. 

Tz = number of tons (2000 lb.) of coal burned per banked 
hour per boiler . 

Tv = number of tons (2000 lb.) of coal burned per hour by 
the boiler room, including all steaming and banked 
boilers - 

T7 = number of tons (2000 lb.) of coal burned per day by the 
boiler room, including all steaming and banked boilers. 


47 The value of K is equal to the number of B.t.u. in one 
boiler horsepower divided by the number of B.t.u. per ton of 
coal. For coal of 13,500 B.t.u. per lb., K = 0.00124. 

48 Tests made on many types of underfeed stokers show that 
about 6750 B.t.u. are required per boiler hp-hr. to bank a boiler, . 
so that Kz = 0.00025. 

49 The ratio Kg/K = 0.202 will be used frequently in the fol- 
lowing development. It will be noted that this ratio is a constant 
regardless of the B.t.u. value of the particular coal used. Further, 
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Ty = NTg+ (Ni— N)T3 = NHKy + (Ni— N)HKz. . [12] 


DETERMINATION OF CoNnDITIONS FoR Maximum BoILEeR 
EFFICIENCY 


50 To determine the output rate of a single boiler for maxi- 
mum boiler efficiency, the reciprocal of the efficiency, 1/E, has 
been used and differentiated for a minimum. 
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1 y extaxte 
=- => - SO —_ = nb — re 
ips Tiles zi 1+ av + cx 


Differentiating, equating to zero, substituting xz (where xg is the 
output rate for maximum boiler efficiency), and solving, 
1 
c 


51 A convenient graphical solution of Equation [13] is shown 
in Fig. 14. The chart is used by entering at the bottom of the left 
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Fic. 14 Grapuicay Souution or Equation [13] ror THE BoiLeR 
Output Rate ror Maximum BoILterR EFFICIENCY 


side at the point representing the value of a; proceeding vertically 
to the inclined line representing the value of c, then horizontally 
to the right to the inclined line representing the value of b. The 
abscissa at this point represents xz, the output rate for maximum 
boiler efficiency. 


DETERMINATION OF CONDITIONS FOR Maximum Boi.er- 
Room Erriclency FoR A GIvEN Loap 


52 To determine, for any given load, the boiler output rate 
for maximum efficiency of the boiler room as a whole (including 
banking), or in other words, the output rate at which boilers should 
be banked on a decreasing load and put on the line on an increasing 
load, it is necessary, after making appropriate substitutions, to 
differentiate, with respect to x, Equation [12] for the hourly 
boiler-room coal consumption, and to solve for a minimum. 


ne + NiAKzg—- (en = LK (1+ aa“ + cx-) 


’ + NHK — LKpe 


WG = 
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53 Differentiating, equating to zero, substituting xp (where xp = 
boiler output rate for maximum boiler-room efficiency) for z and 
solving, 


eos ae 
Peres K Bote eae las ee ace, Senne ae 
a(b — 1) 


54 It must be understood that Equation [14] applies only 
to station loads small enough that at least one boiler is banked. 
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Fig. 15 Grapuicat Souution oF Equation [16] 


For all loads such that no banking is required, N = Ni, Ni — N 
= 0, and the term Kg/K drops out, leaving Equation [13]. 

55 The similarity between Equation [13], for the output rate 
giving maximum efficiency of a single boiler, and Equation [14], 
for the output rate at which boilers should be banked, can be 
utilized as follows: Equation [14] can be written in the form 
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i uy 2 
c b on KBP R [15] 
= Pal = 7 Cis 
5 al S ate 
c 
in which 

0.202 | 2 
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56 <A graphical solution of Equation [16] will be found in 
Fig. 15. 

57 It will be seen by comparing Equations [13] and [15] 
that the effect of considering the coal used for banking is to lower 
the rating to which a group of boilers should be reduced before 
banking any one of them considerably below the rating for maxi- 
mum efficiency of a single boiler. An interesting point, and one 
which is not at all obvious except by this analysis, is that the 
number of boilers in operation does not enter the equation for 
maximum boiler-room efficiency explicitly at all; but the relation 
of the constants in the boiler formula determines the most eco- 
nomical output rate, and this is true whatever the number of boilers 
in operation. 

58 It must be remembered, however, that the shape of the 
input-output curve from 100 per cent rating to 0 is not satisfac- 
torily determined by tests. The term de~/*, which was eliminated 
from the boiler formula as used above for this reason and because 
it becomes negligible in magnitude above 100 per cent of rating, 
cannot be neglected at ratings much below 100 per cent. There- 
fore, if the use of certain values of a, b, and c is found to give values 
of xp lower than 80 per cent of rating, these results should not be 
accepted without more careful investigation. 

59 , Fig. 16 shows the total coal per hour, 7'y, required for 
station loads of 10,000 and 15,000 boiler hp. when the number of 
steaming boilers is varied. For some distance on either side of the 
minimum point, each of these curves is quite flat. This indicates 
that the actual output rate at which boilers are banked can vary 
over a considerable range without increasing the hourly coal con- 
sumption appreciably above that at the theoretically most efficient 
output rate xp. 

60 In the foregoing discussion it has been assumed that L is 
a block load lasting for one hour, and that 7's, Tz, and Ty repre- 
sent the quantities of coal burned in one hour. The entire reason- 
ing may be applied with equal force to a block load of any 
duration h. 

61 The coal consumption during any load block is then 
obviously 


wry = |NTs+ (Mi N)To| rand 37 1°71 
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DETERMINATION OF ConpiTIONS ror Maximum DalILy 
BortER-RooM EFFICIENCY 


62 In the general case it is considered that any daily load 
curve consists of rectangular load steps, n being any number 
which may be required to represent properly the actual load 
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curve. Each of these n load steps may be of any height and of 
any duration, as is illustrated in Fig. 17. 

63 The fond steps are numbered consecutively from the highest 
downward Iy, Le, Ls . .. L,. For each load step the num- 
ber of boilers steaming (N vi the boiler output rate (x), the boiler- 
input rate (y), and the duration (h) are designated by the same 
subscript as the corresponding station load (L). 


N. E. FUNK AND F. C. RALSTON 625 


64 Preliminary to the derivation of the formula for operation 
at maximum daily boiler-room efficiency, certain relations will be 
stated for use in the derivation. By Equation [19] 
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65 In the preceding derivation of xp (Equation [15]), N, has 
been assumed as known, and it has been shown that the minimum 
boiler-room coal consumption for any plant load block is deter- 
mined when N, is known. However, in general, each value of Mi 
results in a different value for this minimum; so that for mini- 
mum daily coal consumption on a given load curve there is a 
most favorable value of Ni which must be found. Our problem, 
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then, is to determine this best value for Ni; or, what is equally 
useful, the best value of a1. 

66 For each load step except the first it is obvious that there 
are two alternatives: banking may be required, or it may not. 
It has previously been shown that the output rate of a group of 
boilers must be reduced to xp before banking any of them, in 
order to obtain maximum boiler-room efficiency with any given 
load. At this output rate and with no boilers banked (whether 
or not N, has been properly chosen to give maximum daily boiler- 


room efficiency), the plant load is = [;. This plant load, at and 
1 


above which no boilers are banked, and below which sufficient 
boilers are banked to keep the output rate of the steaming ones 
equal to xp, is illustrated by the dotted line in Fig. 17. 

67 The a m of the n steps of the daily load curve are not 


lower than = In, Im being thé lowest of these. The range of m 
in value is from 1, when J, is the only load step not less than 
als, to n, when none of the steps is less than that value. 

68 The remaining (n — m) steps, starting with Limi), are less 
than z= I; so that for these steps the output rate of the steam- 


ing boilers is held at xp. This last statement will be assumed as 
true in the present discussion, although it is not strictly accurate. 
The practical limitation that Nimiuy... . . and N, must 
each be integral involves slight departures of the actual output 
rates Ym), . . . . . and x, from the theoretically most effi- 
cient output rate zp. However, as has been shown in connection 
with Fig. 16, the effect of these departures on the coal consumption 
is quite Fonatl 

69 The following set of equations and relations — [21] ‘to 
[29] — express algebraically the conditions stated in the foregoing 
paragraphs. 
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70 The procedure for determining the value of 2, resulting 
in maximum daily boiler-room efficiency is similar to that for 
determining x for maximum boiler-room efficiency with a block 
load; namely, setting up the equation for total daily coal con- 
sumption, expressing all the variables in terms of 2, differen- 
tiating with respect to 2, and solving for a minimum. From 
Equation [17] 

Tr =hTuit heTu2 + hsTus + 2. 2. + mTum t+ hom Tum 
Se Ate a +h.Tun 
= MN AKy,: + hoaNoH Kyo + h3N3H Ky3 =tao hs, gucwars 
+ hnNmH Kym + homsyN(myH Kym +... 55s 
+ h,N,HKyn + ho Ny = N.)HKg + h3(N, — N3;)HKp 
+ Sire! cee + Nm( Ni = N,n)HKp thomsyy(Mi—N (m41)) HK pg 
= aor Ae AP CN iN pep OB ie eas ia dete 4 [30] 


71, Substituting from Equations [18] to [29], collecting terms, 
clearing of fractions with respect to 2, differentiating, equating 
to zero, substituting xq for 2: (where zq is the value of x; resulting 
in maximum daily boiler-room efficiency), and solving, gives 


Cc 1 
nee ee 5x 


K 24K pz |} 
(hithsthst+..... +hn)( tes a 4 B |; 
Ke Ke 
SARE Ae ee we ale pee Lee 
hot hd Zh) +h 5 2) Lieiy Bare 1.( 2) 
in which : | . 
0.202\ 4.848 ]! 
(la + he + hs + CRO Micha + hin) 1-4 C b 
S [32] 
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72 In preparing a graphical solution for Equation [32], it 
would have been possible to lay out a single chart on which 
to perform the entire operation graphically. This chart, however, 
would of necessity have been large, complicated, and quite cumber- 
someinuse. Actually the process has been divided into two simple 
graphical steps, with two arithmetical summations, at a great 
gain in convenience. 

73 Fig. 18, which is the first graphical step, has been laid out 
for the determination of the value of h,(L,/I1)’, in which L, 
is the height of any load step and h, the corresponding duration. 
To use this chart, enter the left-hand scale at the given value of 
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L,/Ly; proceed horizontally to the line representing the value of b; 
then vertically downward to the line representing the value of hp. 
The ordinate of the point thus found, read on the right-hand scale, 
is the desired value of h,(L,/Iy)°. 

74 The values of all of the terms h, (L,/L;)’ from p = 1 to 
p =m, inclusive, are to be found in the manner described, and 
summated arithmetically. The sum of the terms gives the value 
of the expression 


2) (2) La\? 
h Bu pal in 
i+ il + hs rc Shim aaa’ + hal 72) 


which forms the denominator of the right-hand member of Equa- 
tion [82]. This expression can be written, in more condensed 


notation, as 
p=m Ls b 
Mz) | 
ae 1 | AZ 
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79 The value of the expression hy+he+hs+..... + him, 
which occurs in the numerator of the right-hand member of Equa- 


tion [32], is to be found by arithmetical summation of all of the 
terms h, from p = 1 to p= m, inclusive. This expression will be 


similarly condensed to 
p=m™m 
>| 
p=1 


76 When Equation [82] is rewritten, using the condensed 
notation, thus: 


Day feta 
Shey 


it is seen that the number of independent variables affecting the 
value of R: has been reduced to four: - 


p=™m p=™m Ty, b 
hy}, in| = hon, 
>. || a eh 
b, and ¢. 


77 Fig. 19 completes the solution. To use this chart, enter 
p=m 
at the given value of yD 


Ry = 


SREY ES) 


hs on the lower scale; proceed — 
p=1 

vertically to the line representing the value of c; then horizontally 
(left or right as may be required) to the line representing the 


p=m iby b 

value of De : | 9( 2) | then vertically upward to the line 
p= 1 

representing the value of b. The ordinate of the point thus found, 

read on the left-hand scale, is the value of R.. 

78 When R; has been determined for any given boiler plant 
and any given load curve, the value of xz, for maximum daily 
boiler-room efficiency follows directly from the value of xg already 
found from [13]. It is seen that for accuracy in determining the 
value of Re, and consequently that of z@, it is necessary to have 
used as m the true number of load steps, the lowest of which is 
not less than (xp/21)1h. 

79 In the case of many actual load curves the number of 
such load steps is evident on inspection; for many others it is 
not. A simple test is available for checking the correctness of 
the value of m which has been used in Equation [32]. 

80 When, using the chosen value of m, Rz has been deter- 
mined, and from it xq, substitute xq as thus found for a in the 
relations 


Hees Tee en eee, [29] 
M1 Baal 
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Silt Sees ar I, and L(myy < re Ly the correct value 
cq 


5 
of m has been used. If Lim4s) < A I;, m has been chosen too 


small; if Ln < i L;, m is too large. In either case after the 
uG 

value of m has been adjusted in the appropriate direction and 

new values determined for Rz and zg, the test should be re- 
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peated to insure that the proper amount of adjustment has been 
made. 
82 Substituting vq for ~ in Equation [9], thus: 


will give, in general, either an integral or a non-integral theoretical 
best value for N;. But only the integral values are physically 
possible; therefore, if a non-integral value is found, the nearest 
integer must be used as the actual best value of Nj. 

83 This adjustment of N; to an integral value involves a 
compensating departure of the actual best value of x, from the 
theoretical best value x@; for, since Z; and H are constants, the 
product Ni: must be constant. ' 

84 Substituting this actual value of 2; in Equations [24], 
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n= (F)z m GE Pa fi 
d im ly 3 i eae: ieee tn = ne 1 


85 The theoretical value of 2m41) ..... andre, isp 
(Eq. [26]); that of Nm) is Nite yt 


Tyxr 
vite ve nv} . 
N, is ——— (Eq. [28]). But here the same physical limitation 


bapa reds ge and that of 


exists as in ete case of Ni; that is, the nearest integers to the 
theoretical values of N(m41) .....- and N, must be used as 
the actual values. The actual values of 2mi1) .... - and @n 
will then be given by Equations [20]: 


xX = LimyN1 - - LAN, 
pe SSS eS eer rs SS 
zs DTN (m+1) ; IN n : 
86 With all of the values a, 22, 73... . . and x, determined, 
the corresponding values y;, yo, y3 ..... and y, may be read 


from curve C, Fig. 6 

87 Sufficient data are now available to evaluate completely 
Tr in Equation [30]. For convenience in solving for 7'7, this 
equation may be written, substituting 0.202 for Kz/K and clearing 
of fractions, 


ip = HK{Ni(hiys se hoe == hsys Sicdee eosaeh elke ste NmYm) 
+ (hme (myy(mpy +...» + haN Yn) 
+ 0.2020 Ni(h(myiy +... - » EMn) — A(mgtyN (m4) 
Acar nale ever eae te [30a] 


The resulting value of 7’7 is the desired minimum daily coal con- 
sumption for the given load curve. 


CONSIDERATION OF THE LimiraTIONS HERETOFORE IMPOSED AND 
OUTLINE OF PROCEDURE WHEN THESE LIMITATIONS 
Do Not Appiy 


88 Under the limitations specified at the beginning of Part II, 
the foregoing complete analysis results in final formulas which are 
exact, yet simple and workable. 

89 Consider the most elementary case in which these limita- 
tions do not hold; that is, a station load of any given value, 
carried by two steaming boilers, which may or may not have 
equal ratings and similar characteristics. Suppose that the cor- 
rected input-output curve of each boiler has been drawn and 
the respective constants determined. Then it will be evident 
that before any calculation can be made of the minimum com- 
bined coal consumption of steaming and banked boilers, or of the 
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minimum daily boiler-room coal consumption, the proper distri- 
bution of the given station load between the two boilers for mini- 
mum steaming coal consumption is absolutely essential. 

90 If the two boilers are of equal ratings but of dissimilar 
characteristics, a proper comparison between them may be ob- 
tained from the input-rate-output-rate curves without change; 
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Fie. 20 Prorrinc oF PERFORMANCE CURVES OF Two BoILERS FOR 
Purpose oF DmrTERMINING MINIMUM COMBINED INPUT 


but if the ratings are unequal, the input-rate-output-rate curves 
must be redrawn so that the abscissas of both curves are measured . 
on one scale and the ordinates of both curves also on one scale. It 
is not necessary that the ordinates and the abscissas be measured 
on the same scale; the abscissas may be in B.t.u. per hour or 
in boiler horsepower, while the ordinates may be in B.t.u. per 
hour, equivalent boiler horsepower, or tons or pounds per hour 
of coal of specified heating value. 

91 On Fig. 20 are shown two boiler-performance curves, A 
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and B, redrawn with both abscissas and ordinates to the scale of 
1000 boiler hp. 

92 Whatever the output of each boiler may be, let a tangent 
be drawn to its performance curve at the point whose abscissa 
represents the output. The corresponding ordinates then express, 
to their scale, the inputs to the boilers; the sum of the ordinates 
the combined input; and the sum of the abscissas the combined 
output. 

93 The condition which makes the combined input a mini- 
mum for a given combined output is that the tangents to the two 
curves at the respective output points be parallel; that is, that 
the curves have equal slopes. It is easy to see that only under 
this condition of load distribution will an infinitesimal increase in 
the output of either boiler, accompanied by a compensating de- 
crease in the output of the other (and consequently no change in 
the combined output), result in similarly compensating changes in 
the individual inputs, and hence no change in the total input. 
Under any other condition the input to the boiler whose curve has 
the greater slope is decreased more by a slight decrease in output 
than that of the other is increased by the compensating increase 
in output; so that the result is a net decrease in combined input. 
Additional progress in the same direction will result in further 
improvement until the distribution giving equal slopes is reached. 

94 To determine graphically the condition for minimum com- 
bined input requires only a few simple “cut-and-try” steps. 
On the other hand, the analytical determination, while entirely 
possible, involves a highly undesirable degree of complexity. 

95 It is the intention of the authors, by this short discussion, 
to make clear the practical justification of placing the limits 
specified at the beginning of Part II on the conditions; and also 
to point the way to such modifications in the method as are neces- 
sary in order to use the same principles in the many cases which 
cannot be so limited. 

96 Asa matter of fact, it will now be noticed that the second 
restriction mentioned is not an independent one, but a corollary 
of the first and the requirement of minimum combined input. If 
any number of steaming boilers are duplicates, their performance 
curves coincide at all points; consequently the points at which 
the individual curves have equal slopes coincide, the abscissas of 
the points are equal, and the plant load is equally shared among 
the boilers: 


III— OPERATION OF BOILER PLANT AT MINIMUM 
TOTAL COST : 


97 Since formulas have already been developed in Part II 
giving the coal consumption in tons per day, the period for which 
the total cost will be determined is taken as one day. 

98 The following additional symbols will be used in this 
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analysis, together with certain others which will be defined when 
they are introduced. 
C, = total cost of operating the boiler plant, dollars per day 
C; = total fuel expense, dollars per day 
C; = fixed charge on capital invested in boiler plant, dollars per 
day 
C; = boiler-plant operating cost less fuel, dollars per day (labor, 
supplies, etc.) 
C',, = boiler-plant maintenance cost, dollars per day 
k =ratio between the time required to clean and overhaul a 
boiler and the elapsed time from the beginning of one 
cleaning period to the beginning of the next 
No = number of boilers installed. 
By definition, 
CS CFs: CeCe EO Ae) at S34 


dC pid pe. Geet ay Ady 
dN, dN: 1 dN,’ dN, aN, 

99 Before this expression can be used in the determination of 
the value of N, resulting in minimum total daily boiler-plant cost, 
all of the components of the total cost must be expressed in terms 
of N fie 


and 


RATIONALIZATION OF COMPONENTS OF TotTaL DaiLty BorILEeR- 
Room Cost 


100 By the definition of k, when N, boilers are required at the 
time of the daily peak, kN, boilers must be undergoing overhaul- 
ing, and 

No= Nit kNi = (1 +4) 2. Feet Ah Ae [34] 


101 Careful analysis of the total fuel expense, C;, shows that in 
most cases it is best represented by a formula such as the following: 


Cy = Vot (Vs + Vat VsVe)Tr 


in which V2 = cost of coal handling, in dollars per day, projected 
back to 0 tons handled per day 


V; = cost of coal, F.O.B., in dollars per ton 


V,= increment of coal-handling cost, in dollars, for 
each additional ton of coal handled 


Vs = cost of ash removal, in dollars per ton of ash 
V.« = percentage of ash as fired, expressed as a decimal. 


102 This more exact expression may be replaced, to a very 
close approximation, for some considerable number of tons above 
or below a given initial value, by the shorter expression, 


Cs = Vilr 
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since Vs, quite small as compared to C;, is the only part of C; 
not affected proportionately by a change in the number of tons of 
coal consumed. 

dC; a aViTr  dViTr day dT r dx 


dN, dN, az dx, aN, i , dx, aN, 


ar 
103. The value of oe has already been derived in the differ- 
1 


entiation of Equation [30], while x, = fa N,+, and therefore ua 
e H dN, 
So BE yee 
Aq : 
dV,T 
104 The value of ai ss may now be expressed, substituting 
1 


: L baee t 3 
for x, its value + N,1, and multiplying the entire expression 


aT r Th pe 
pe rg 
p=m 1G b 
— LYM! V,K S “ ae E (7) | a(b = 1)N,°% 


p=m 
+ HV,K(c — 0.202) > |e + 4.848HV\K 
p=1 


105 The value of C; is expressed very closely by an equation 
of the following form: 


C; = (8: + S2No]r = (Si + S.Ni(1 +k)|r 


in which S, is the investment (dollars) in the boiler plant, projected 
back to 0 boilers installed, S, the increment of investment (dollars) 
in the, boiler plant for each additional boiler installed, and r the 
fixed charge rate per day against the boiler-plant investment. 
dC; 
dN, 


106 The value of C, is also expressed very closely by the linear 
formula 


=0+7rS.(1 4+ k) 


C, = Pit PoNo= Pit Po1t+ kM, 


in which P, is the boiler-plant operating cost less fuel (labor, sup- 
plies, etc.) in dollars per day projected back to 0 boilers installed, 
and P, the increment of operating cost less fuel in dollars per day, 
for each additional boiler installed. 


dc, 


=0+ P(l+k 
_ aN, 0+ P21 + k) 


107 Boiler-plant maintenance cost is one of the most difficult 
items of operating cost to correlate with the boiler operation which 
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has made the maintenance necessary; principally because in one 
year when a large output has been required of the boiler plant the 
maintenance has been allowed of necessity to pile up, while in a 
succeeding year of much lighter load boilers can be removed from 
service more easily and the maintenance which should have been 
performed the previous year can be attended to. 

108 However, the analysis of such boiler-plant maintenance 
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Fie. 21 GrapH oF BorteR-PLANT MAINTENANCE Cost ACCORDING 
To Exact AND SIMPLIFIED FORMULAS 


data as have been available to the authors indicates that a formula 
to account satisfactorily for the variation of boiler-plant mainte- 
nance cost must contain at least (1) a constant term; (2) a term 
proportional only to the number of boilers installed; (3) a term 
proportional to the number of boilers installed and to the first 
power of the maximum output rate; and (4) a term proportional 
to the number of boilers installed and to a higher power of the 
maximum output rate than the first. 
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109 Expressing this analytically, 
Cy = Di + D2No + DsNor + DiNory” 
and, as Nia, = L,/H, 


DsNA(1 + Km = DFE (+8) 


Since L; is held constant, this term is constant and is to be added 
to D;. 


110 Fig. 21 represents graphically the equation 
L 
Ci= B a5 De (1+ i)| + D.N\(1 +k) + DaNi(1 + k)ay 


assuming w= 2. The locus of C, is shown for a given maximum 
load, as No varies. It will be noted that this locus is quite a flat 
curve throughout the range of practical maximum output rates. 
For the sake of simplicity and in view of the doubtful accuracy 
with which D,, Dz, Ds, and Ds, can be determined, the curve has 
been replaced by the straight line 


Cy. = M,+ M.No = M,+ M.Ni1 + k) 


assuming the daily boiler-plant maintenance cost to vary only 
with No. In this linear formula, M, = boiler-plant maintenance 
cost, in dollars per day, projected back to 0 boilers installed, 
while M>, = increment of boiler-plant maintenance cost, in dollars 
per day, for each additional boiler installed. 


dC. 
dN, 


= 0+ M1 +k) 


111 Since all of the terms in the derivative of Equation [33] 
contain, as now expressed, only one variable, Ni, the solution of 
the derivative equation can be accomplished to determine the 
value of N, resulting in minimum total cost of operating the 
boiler plant per day. 


dC, _ acy, dy | aC, , Wr 
dN, dN,' dN,' dNi' aN, 


p=m ib, b 
= = LVK >) ol <2) joe Nn? 
p= 1 \ Ly 


p=m 
+ HV,K(c — 0.202) > ; a. + 4.848HViK 
p= 


+ rS.(1 +k) + Pol + k) + M2(1 + &) 


112 Equating to zero, substituting Ny for Ni (where Ny is 
the value of N, resulting in minimum daily total cost of operating 
the boiler plant), and solving 
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b Le oa 


e Jel irate (1+k) (rSo+Pot+M 2) | 
(c-0.202) DY us ip |+4.888+ nie 


113 In view of the complication and the number of parameters 
in Equation [35], no graphical solution of it has been provided. 
However, only two of the steps require anything but slide-rule 
multiplication and division, and arithmetical addition and sub- 
traction. These two steps are (1) the determination of 

=m b 
> E (=) | and (2) the application of the exponent ; 
piri ‘| 
to the quantity inside the large brackets. 

114 The first of these already has a graphical solution pro- 
vided in Fig. 18, used in the determination of R2; the second is 
best accomplished by taking the logarithm of the value of the 
quantity inside the large brackets, dividing by 6, and finding the 
antilogarithm of the quotient. 

115 Usually, commercial load curves are very nearly alike for 
250 to 300 days of the year. In some cases Saturday curves differ 
materially from those of week-days, while in other cases the 
Saturday and week-day curves are very similar. This means 
that the number of boilers indicated as the most economical to 
install by the week-day load curve should be given considerably 
greater weight in determining the actual number which will be 
most economical throughout the year than the number indicated 
by the Saturday or Sunday load curve. 


[35] 


Nu 


DISCUSSION ! 


J. Harvey.? There is no doubt that the correct application 
of the formulas developed by Messrs. Funk and Ralston would 
provide a basis for the most economical boiler-plant operation 
possible. The following paragraphs constitute an attempt to 
evaluate the constants and determine the correct procedure for 
the Delray plant of The Detroit Edison Company. 

This plant has two types and three sizes of boilers, with some 
variation in arrangement of baffles. Some of the boilers are 
equipped with economizers. Three different manufacturers fur- 
nished the stokers, all of the underfeed type. The sizes of the 
stokers are varied to suit the different sized boilers, and minor 
differences also exist among some of the stokers of the same size 
and make. The plant records do not include the data necessary 
to compute an accurate efficiency-output curve for each boiler, 


' See also discussion by Leo Loeb, Paper No. 1911, p. 599. 
* Boiler-Room Engineer, The Detroit Edison Co., Delray, Detroit, Mich. 
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nor indeed for any boiler. The most recent boiler test at the 
Delray plant which was sufficiently elaborate to permit the deriva- 
tion of a reliable efficiency-output curve was made prior to the 
arrangement of the equipment in its present form. However, in 
1921 boiler No. 14 at the Connors Creek plant was tested, and 
an accurate efficiency-output curve was derived. This curve 
was adapted to boiler No. 33 at Delray, which is similar to boiler 
No. 14 at Connors Creek. Boiler No. 33, under normal operating 
conditions, has a higher flue-gas temperature than was observed 
during the test of boiler No. 14, and a suitable correction was made 
to the efficiency-output curve. 

Using this curve, it was possible to draw the input-output 
curve for boiler No. 33, and follow the procedure outlined by 
the authors for evaluating the constants in the equation 


y=x+ar>+ec 


To correct for steam consumption of boiler auxiliaries the 
results of the test of boiler No. 14 at Connors Creek were used. 
To correct for superheat, the superheat curve for boiler No. 27 
at Delray and the guarantee conditions for turbo-generator No. 10 
at Delray were used. 

Using the above data the following values were found: — 
a = 03127; =2.4; and c = 0.1873. The.fact that c was 
found a positive quantity is to some extent a check on the accu- 
racy of the assumptions. 

The computations from this point on were made on the assump- 
tion that all the boilers were identical with boiler No. 33, which, 
as shown above, is incorrect. AR, was evaluated, and from it wp, 
the output rate at which boilers should be banked. wp was 
found to be 0.315, which is impractical and probably inaccurate. 

Finally, using Equation [12], curves were drawn for Tons of 
Coal per Hour vs. Number of Boilers Steaming, for plant loads of 
50,000 boiler hp., 30,000 boiler hp., and 15,000 boiler hp., respec- 
tively. These curves all.indicate that the minimum coal con- 
sumption occurs at the minimum practicable rating on the boilers. 
It is well to remember, however, that the factor de/* has been 
neglected. 

In connection with Equation [12] attention may be called to 
the fact that the authors use 6750 B.t.u. per boiler hp-hr. as the 
requirement for banking underfeed stokers, while from the test 
of Boiler No. 14 at Connors Creek, Mr. P. W. Thompson developed 
the equation for a ‘‘dead”’ bank: 


lb. coal = 8000 + 280 x 
where x = number of hours banked 
boiler hp. = 2365.4 
Average heating value of coal = 12,450 B.t.u. per Ib. 
For a banking period of 9 hours this equation gives 5550 B.t.u. 
per boiler hp-hr. Other writers in the current technical literature 
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give other values; it seems likely, therefore, that this figure 
varies for different installations. 

No attempt was made to proceed further aiong the lines laid 
out by the authors. It was evident that a prerequisite to the 
application of these formulas to the operation of the Delray 
plant would be the derivation of at least nine input-output curves. 
This would necessitate an increase in the number and extent of 
the boiler-room records, and there is some doubt as to whether 
the expense of obtaining and keeping up to date of these records 
would be justified by the saving resulting from their use. 

As to the feasibility of the authors’ procedure, it appears that 
there are two ways in which the formula developed by them 
may be applied to the operation of a given plant: 


1 To evaluate the constants on the assumption that the 
boiler plant is in first-class operating condition, and use 
the results obtained as a general guide to operation, and 


2 To evaluate the constants on the basis of existing con- 
ditions, and operate as nearly as possible in conformity 
with the results obtained. This would necessitate im- 
mediate adjustment of the values to take account of 
such factors as the failure of part of a stoker, for instance, 
or the failure of a soot blower, or other similar factors. 


The first of the two applications seems preferable. Presumably 
the boiler-room foreman would be a man of experience and judg- 
ment, and with these figures as a guide, he would be able to use 
the available boilers to the best advantage. The second alterna- 
tive would entail continuous observations and computations, and 
doubtless in many cases would arrive at the same result as the 
first. 


Tue AvuTHORS were much interested in the discussion by 
Mr. J. Harvey and desire to state that application 1 suggested by 
him is the one that the authors felt was by far the more logical. 
It is not the intent to apply the methods of reasoning outlined to 
everyday operation but to formulate the methods that should be 
used, and then operate as close to this as conditions permit, instead 
of operating in accordance with unguided judgment that might or 
might not be good. 

Attention is called to Par. 58 where a specific note is made of the 
fact that if values less than 80 per cent rating are obtained, the 
effect of the term de-/* must be considered. However, with the 
smaller quantity of coal used for banking the formula still points 
to the fact that the boilers should be operated at as low a value as 
physically possible before banking. 

Referring to Mr. Loeb’s discussion,! it is desirable to point out 
the fact that Mr. Loeb has used a very short range in boiler rating 


1 See Paper No. 1911, p. 599. 
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from which to make his deductions and therefore the conclusions 
that he draws are not general conclusions. Also, apparently 
Mr. Loeb has not carefully read the paper because he desires to 
know why the coefficient is unity instead of a decimal less than 
unity, that is, he asks why the input is fundamentally less than the 
output, giving an efficiency greater than 100 per cent. The reason 
that the coefficient of x is unity is stated in Par. 10 quite clearly. 
Mr. Loeb’s equation 
© Ye AXA a: 


is apparently a linear equation. However, Mr. Loeb has neglected 
the fact that A and B are both variables with the output rate. 

If it were true that the boiler input-output curve were a straight 
line, Equation [4] would still be as follows: 


y=xt+ar+e 


in which b would be unity, and therefore the equation would reduce 
to 
y=(1+ajr+e 


which is the linear equation that Mr. Loeb is seeking. This is 
merely an indication that the equation given by the authors is 
perfectly general and can be applied to any extreme shape of 
input-output curve. 

The authors desire further to state that the form of this equation 
is not necessarily applicable to boilers alone but applies to all 
energy conversion equipment, either in the form given or in the 
more general form of Equation [3]. As the simplest example of 
this, the transformer may be taken, in which the iron losses are 
practically constant and the copper losses vary as the square of 
the load. The substitution of the iron losses for c, the copper losses 
for az and the actual load transformed for x will give any trans- 
former ‘input-output curve with absolute accuracy. While this 
example may not be of interest to boiler operators, it is merely 
given as an instance of the generality of the form of the equation. 

The authors are further at loss to understand why Mr. Loeb 
insists upon making a straight line out of his curves, implying 
thereby that it is possible to obtain output from the boiler without 
any input, which of course is impossible. 

Mr. Loeb admits in his discussion that these curves must be 
turned to intercept the input axis rather than the output axis at 
zero load. In this Mr. Loeb’s diagrams and discussion do not quite 
agree. If he had drawn his curves in accordance with his admission 
he would have secured curves similar to the authors’ as inspection 
of Fig. 1, Curve B would indicate that between 1.0 and 2.0 a 
straight line could be drawn as readily as a curve. This is what 
Mr. Loeb has done. 
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No. 1913 


POWER-PLANT ECONOMIES AS 
AFFECTED BY MODIFICATIONS 
OF THE HEAT CYCLE 


INTRODUCTION 


N the past few years there has been considerable discussion of 
heat balance and heat-balance control as applied in detail to 

various station designs. In most cases, however, these stations 
have operated on the straight Rankine cycle. 

The temperature range of this Rankine cycle as applied has been 
gradually increased, and although the knowledge has been avail- 
able that various modifications of this cycle would considerably 
increase the overall efficiency, nevertheless, it was recognized there 
were many practical difficulties to be overcome. Several stations 
have been designed lately with marked deviations from the straight 
Rankine cycle. 

It is timely that the possibility of these various deviations 
should be considered, both from an ideal point of view and as 
limited by practical and economic considerations. 

The papers presented in the following discussion of the heat 
cycles call particular attention to the regenerative and reheat 
cycles, pointing out the possibilities both from a thermal efficiency 
and economical point of view, with a short discussion of the 
possibilities to be obtained by using combinations of the vapors 
from various liquids over a wide range of the heat cycle. 
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THE MARGINS OF POSSIBLE IMPROVE- 
MENT IN THE CENTRAL-STATION 
STEAM PLANT! 


By Ernest L. Ropinson,”? Scuenscrapy, N. Y. 
Member of the Society 


The maximum attainable efficiency of the ideal heat engine is dis- 
cussed, and the circumstances which limit it, in order to point out the 
various margins available for improvement along different lines. The 
arrangement of the circulating systems is considered and, after noting 
the ideal arrangement, practical layouts are taken up. The advantages 
of the mercury turbine and the steam-extraction cycle are emphasized, 
and the great increase in capacity rating which has been made possible 
by purely thermodynamic improvements is noted. 


MAY influences are tending to force manufacturers of power 

to use the greatest care in the layout of their plants in 
order to obtain the best possible economy of operation. The 
greatly diversified inventions requiring the use of electricity have 
much increased the demand for it. Existing plants are more and 
more pressed to the limit of their capacities and must get the 
largest output from the available equipment. Increasing costs of 
coal continually tend to emphasize the importance of the fuel 
charge in the total costs of operation, and point to the necessity of 
greater economy in its use. 

2 It is appropriate, therefore, to take stock of the processes and 
methods available for improving steam-plant efficiency. The 
engineering periodicals exhibit a great interest in these questions 
and a large variety of improvements have been suggested. Usually 
the authors have devoted themselves to the careful and ingenious 
application of one or several methods of improving efficiency and 
have worked out the practical application of their ideas in particular 
cases. The purpose of the present article is to run over the whole 
field in a very general way, and to point out the limiting efficiencies 
attainable and show the lines along which the greatest margins for 


1 For discussion and closure see pp. 766 and 802. 
2 Turbine Engineering Department, General Electric Company. 
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possible improvement lie. At the outset, then, practical and 
mechanical limitations will be disregarded in order to go first to 
the theoretically best economy. Fortunately this may be done in 
plain engineering language without the use of complicated mathe- 
matics. When this has been done it will be appropriate to discuss 
briefly the various difficulties. in the way of going the limit at 
once. 

3 In the case of any particular installation the correct pro- 
cedure would, of course, be to start with good practice and make 
such improvements as can be shown to be desirable. The object 
of the present paper will have been accomplished if, starting from 
the more remote ideal, it directs attention to the whole field open 
for selection and thus enables a more valuable choice to be made 
as to the best line of development to apply in a particular case. 


Tue IpEAL CONVERSION OF Heat ENERGY 


4 Fundamentally conceived, the steam plant is simply a heat 
engine for converting fuel into salable power. The textbooks out- 
line certain theoretical facts about heat engines which it is con- 
venient to recall at this time. A heat engine receives heat from a 
hot source, does work, and rejects heat to a cold receiver. The 
process of combustion may be considered as the hot source and the 
condenser as the cold receiver. Heat is directly convertible into 
other forms of energy at a fixed theoretical rate known as the 
mechanical equivalent of heat or the heat equivalent of electric 
energy. If the ideal heat engine could convert all of the heat into 
work at this rate it would be necessary to reject the working 
substance devoid of all heat content, that is, at absolute zero. 
A working substance to carry the heat is of course essential. If, 
at any time, energy is reclaimed from the working substance, 
without other heat exchange, its availability to do work has been 
decreased a corresponding amount, that is, its absolute tempera- 
ture has been changed. In fact, this idea is the whole basis of the 
definition of the thermodynamic scale of temperature. Since the 
temperature of a condenser can hardly be lowered to absolute 
zero, it is necessary for heat engines in general to do work, even 
under ideal circumstances, at an efficiency far less than unity. 
This efficiency is represented by the actual temperature drop of 
the working substance divided by what the drop might be if all 
heat were abstracted, that is, the initial absolute temperature. 
This is the well-known Carnot-cycle efficiency and also the effi- 
ciency of any reversible engine. 

5 As this idea of a reversible engine will come up again, it is 
weli to recall it a little more carefully. It really must be the ideal 
engine because, if any other engine which might be thought more 
efficient — so that for a fixed amount of work done it has a smaller 
heat turnover — were used to drive the less efficient reversible 
engine as a heat pump, such a supposition would enable two 
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isolated machines working together to have a net turnover of heat 
from a cold to a hot source. Such a condition is contrary to all 
experience, and the reversible engine with the Carnot efficiency 
is thus vindicated as the ideal engine. Furthermore, the text- 
books go on to show not only that the Carnot efficiency cannot 
be exceeded, but that any cycle including an irreversible process 
is necessarily less efficient. An illustration may help to recall 
this point. 

6 The transfer of heat from a furnace at 2000 deg. fahr. to a 
boiler at 400 deg. fahr. is an irreversible process. Heat cannot be 
caused to flow by itself from the boiler to the hotter furnace. As 
a result of the decrease in temperature the availability of the heat 
energy in the steam at boiler temperature to do work is very much 
less than the theoretical availability of the same amount of heat 
energy in the furnace at the temperature of combustion. On the 
other hand, if the boiler absorbed the heat of the furnace at 
furnace temperature, such a process would be reversible, and 
would enable the steam to work with the higher thermodynamic 
efficiency which the high temperature would permit. In fact, the 
idea of availability to do work is synonymous with thermo- 
dynamic efficiency, and this idea of loss of availability or thermo- 
dynamic efficiency in connection with the irreversible step is the 
important thing to note at this time. 

7 The Carnot cycle is made up of an isothermal expansion and 
an adiabatic expansion, followed by an isothermal compression 
and an adiabatic compression. The isothermal process or heat ex- 
change without alteration of temperature can, of course, be worked 
either way since no temperature drop is involved. The adiabatic 
process is reversible because it simply means no heat exchange to 
the outside at all but simply a conversion of internal or heat 
energy into external or work energy. Ideally, the isothermal is 
infinitely slow and the adiabatic is correspondingly sudden in 
order to be reversible. 

8 There is also the regenerative process in which all heat that 
passes out of the working substance during cooling is transferred 
at its own temperature to an auxiliary contraflow substance, so 
that it may be restored at its own temperature during a similar 
return process. This requires the infinite slowness of the isothermal 
and the supposition of a perfect contraflow heater always in con- 
tact with the working substance, so that the temperature differ- 
ences between the working substance and the auxiliary substance 
are always infinitesimal. 


TEMPERATURE Limits 


9 Certain very elementary conclusions are possible at once 
from this review of simple thermodynamic principles. It is 
desirable to have as cold a receiver as possible, and since there are 
practical limits to this coldness, it is also desirable to have the 
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source of heat at as high a temperature as possible in order to give 
the widest possible operating range. These are the things that 
must be kept in mind when deciding on the efficiency of the ideal 
process. 

10 With steam as a working substance and modern turbine 
construction it has been found that vacuums corresponding to 
temperatures between 70 deg. and 80 deg. fahr. are the best that 
can be obtained with the cooling water available. Of course, it 
is imaginable that during an Alaskan winter a turbine might be 
made to exhaust into an air-cooled condenser at a temperature 
well below 0 deg. fahr. Obviously in such a case the suitability 
of steam as a working substance would also have to be considered. 

11 Likewise, at the other end of the process it happens to be 
far easier to produce high temperatures than to utilize their 
advantage, because, in the case of steam, the vaporization at a 
high temperature cannot be accomplished without confinement 
at an excessive pressure. Thus it is evident that the working 
temperature range is hedged around by various practical con- 
siderations which will need special consideration, and this will 
be given presently. 


THe THERMAL PROCESSES 


12 It is next important to consider the thermal processes and 
how closely they may be made to correspond with the ideal arrange- 
ment, that is, what sort of cycles can be used to the best advantage. 
It has been pointed out that the thermal processes should be either 
isothermal, adiabatic, or regenerative, that is, in every case 
reversible. Beginning at the furnace, the fuel and air are brought 
together in the presence of heat. Combustion takes place and 
more heat is liberated. This is absorbed by the boiler and carried 
to the engine by the working substance. Finally such heat as has 
not been converted into work is rejected to the condenser. But 
in addition the burned gases escape up the stack. 


THe IpEAL FURNACE 


13 If, for the present, attention is confined to the furnace, it 
is plain that all the substance, fuel and air, which goes on to the 
grate and is heated must, in exactly the same quantity, disappear 
up the stack. Furthermore these substances which start at atmos- 
pheric temperature rise to the furnace temperature and then 
are returned to the atmosphere, eventually cooling to their initial 
condition. Considering the approach to and exit from the furnace, 
it is plain that equal quantities of substance rise on the one hand 
and fall on the other through equal ranges of temperature. This 
suggests the recovery of all the waste heat of the flue gases by 
regenerative air preheaters. Ideally, these should be contra- 
flow, with such surfaces and velocities that all the heat of the 
burned gases is transferred to the incoming air—and fuel also. 
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14 Next, considering the process of combustion, it may be 
regarded as a simple liberation of heat which occurs when the fuel 
and air are brought into contact at a high temperature. Suppose 
the fuel to be insulated from the air during preheating until the 
furnace temperattire is reached, when combustion is permitted. 
Suppose the boiler to be so large that it will absorb the heat of 
combustion immediately without allowing any appreciable differ- 
ence of temperature, the working substance being, in the ideal case, 
at the furnace temperature. This amounts to an isothermal 
transfer of heat and completes a reversible cycle in the furnace, 
at least from a thermodynamic point of view. The chemistry of 
combustion is another question. Still retaining the purely thermo- 
dynamic viewpoint, the furnace temperature is ideally arbitrary. 

15 Furthermore, if the boiler is operated at a lower temperature 
than the furnace, the consequent loss of availability, according 
to the Carnot efficiency, must be charged against the boiler or 
its working substance and not against the furnace, since all the 
heat of combustion would still be transferred to the working 
substance. On the supposition of a perfect transfer of all the heat 
of the flue gases to the entering air and fuel, there would be no 
thermodynamic loss in the furnace, and if, in addition, an iso- 
thermal transfer of the heat of combustion to the boiler could 
occur, then the boiler could be included in the statement. 


THe ENGINE. RANKINE CYCLE NoT IDEAL 


16 Turning now to the working substance in the engine, the 
steam is the first consideration. It is not necessary to discuss 
the Rankine cycle for steam. Instead of the adiabatic compression 
of the Carnot cycle an increase of pressure at constant volume is 
used, a process which is not reversible. The thermodynamic effi- 
ciency has been calculated from the steam tables and plotted in 
Fig. 1 for dry saturated steam and for various initial temperatures 
and pressures. A- glance at the diagram shows that the higher 
the temperature, that is, the higher the ideal efficiency, the farther 
does the Rankine cycle fall short of it. 

17 This is especially true in the case of superheat, even though 
it improves the actual efficiency. The ideal efficiency rises enor- 
mously faster than the change in Rankine efficiency with super- 
heat. With saturated steam the conversion from liquid to steam 
in the boiler, the expansion in the turbine, and the condensation 
are all reversible processes, only the process of heating the liquid 
being irreversible. On the other hand, with superheated steam 
the absorption of heat is no longer isothermal, so that in this case 
two out of the four processes which go to make up the cycle are 
irreversible. Hence it is reasonable that the latter cycle should 
fall farther below the ideal. Moreover it follows that for any par- 
ticular temperature the less the superheat the higher will be the 
efficiency. In fact, for a particular temperature the efficiency is 
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far the best if the pressure is high enough for the steam to be 
saturated. 


Tue EXTRACTION CYCLE 


18 The question now arises as to what cycle can be used in 
order to cause the steam to turn over the heat in accordance with 
the best theoretical standards. Obviously, the superheated-steam 
cycle is far from ideal. In fact, it is hard to justify the use of 
superheat from a purely theoretical viewpoint, although its appli- 
cation is thoroughly justified by a variety of practical reasons 
which will be discussed eventually. The Rankine cycle with 
saturated steam has only one process, the feed heating, which is 
not reversible. The idea of a regenerative process consists in many 
small exchanges of heat occurring at successively different tem- 
peratures in infinitesimal steps. Suppose the steam-extraction 
process be pushed to such a limit. It truly has been called a 
regenerative process. 

19 Suppose steam is extracted from every stage of the turbine 
and that the number of stages is indefinitely increased. If at 
each stage just enough steam is extracted to heat the feed the 
infinitesimal temperature difference, each bit of steam so extracted 
has gone through a cycle reversible except for the infinitely small 
temperature drops during the feed heating, and these infinitesimal 
temperature drops occur in an unlimited number of-small steps 
as in any regenerative process. The boiler temperature can thus 
be reached within an infinitely small amount. In other words, the 
extraction cycle as a whole is entirely reversible in the limit. 

20 In order to understand clearly the truth of this statement, 
the reversed cycle is traced as follows: Starting with a hot liquid, 
it is caused by a very small cooling to evaporate a part of itself 
isothermally at a reduced pressure and that part is compressed 
adiabatically to the higher pressure and temperature in the boiler 
where it gives up its heat isothermally and condenses into the 
hot liquid. Further cooling will evaporate a further quantity at 
a still lower pressure, and so on. If done in a very large number 
of steps the process may be rendered as close as desired to truly 
reversible. 

21 The steam-extraction cycle with saturated steam is thus, 
in the limit, a truly reversible process with the ideal efficiency of 
the Carnot cycle. Furthermore, the demonstration has assumed 
only the pressure-temperature relation of a wet vapor. It is good 
not only for steam, but equally correct for saturated ammonia or 
saturated mercury. However, it does not apply to the case of a 
superheated vapor. This is an important fact to understand 
clearly. The equivalence of the Carnot and extraction cycles 
was demonstrated in the days of the steam engine before the 
common use of superheat, and as a result the literature on the 
subject is not clear that the inference is true only for wet vapors 
and not for superheat. Furthermore, it is easy to demonstrate 
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this equivalence analytically on the basis of certain assumed 
algebraic relations of properties. Such demonstrations, using 
algebraic relations which are easily shown to be inexact, have 
failed to command confidence in the conclusion that the extraction 
cycle really is equal, with an unlimited number of heaters, to the 
Carnot cycle. 

22 This is about as far as abstract theory alone can go for the 
steam plant. The furnace and boiler have been imagined ideal 
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Fig. 1 THrorericaAL EFFICIENCIES OF STEAM CYCLES 


( Based on Goodenough, 1917. Curves are for various initial total temperature 
deg. fahr., as indicated. Back pressure, 1 in. Hg) 


by the use of regenerative air preheating with the flue gases, and the 
turbine has been imagined ideal by using saturated steam and 
heating the feed to boiler temperature by extraction. Thus the 
total margins for improvement are shown very clearly in Fig. 1, 
as explained before. The efficiency of the extraction cycle includ- 
ing superheat has been calculated according to the method out- 
lined in the Appendix. It now becomes necessary to narrow the 
ideal still further by taking up the practical matters which deter- 
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mine the temperature limits and see what are the relative margins 
to gain among the varidus methods of increasing the efficiency. 
There are two principal questions: First, the temperature limits, 
and second, for established limits, how to approach as nearly as 
possible the ideal cycle. 


THE Upper TEMPERATURE LIMIT 


23 The upper temperature limit is determined by the materials 
of construction rather than by the furnace or the working sub- 
stance. Turbine materials maintain their strength, roughly speak- 
ing, up to 700 deg. fahr. Turbine steels are usually good up to 
800 deg. fahr., but the gradient of decrease in strength per degree 
rise of temperature becomes so steep at higher temperatures that 
only very low stresses are allowable. Conservative practice 
therefore places 750 deg. fahr. as the limit at the present time. 
It has been made clear that, unless saturated steam is used, the 
efficiency of the process will fall far below the ideal. And with 
saturated steam these temperatures are above the critical and the 
pressure above 3000 lb. per sq. in. Both the excessive pressure 
and excessive moisture during expansion make it undesirable to 
use saturated steam at such temperatures. The curves for the 
extraction cycle and the Rankine cycle in Fig. 1 show very plainly 
the magnitude of this restriction due to the pressure of steam at 
saturation temperatures. The horizontal lines indicate Carnot 
efficiencies, and it should be noted that extraction efficiencies and 
Carnot efficiencies for particular temperatures become equal at 
the saturation line. 

24 The temperature-entropy diagram is useful for visualizing 
the differences in the processes. Fig. 2 shows the Rankine cycle 
ABCD. The heat put in is represented by the area FABCDE 
and the heat exhausted by the area ADEF. The Carnot cycle 
working between the same temperature limits has an efficiency 
which might be represented by certain areas constructed by 
drawing the lines AG and GB. For the same heat exhausted as in 
the Rankine cycle, the Carnot cycle would have to absorb heat 
FGCE and deliver work AGCD. It is plain, therefore, since the 
extraction cycle is equal in efficiency to the Carnot cycle, that 
it is represented by these areas, although only as areas, because 
the broken lines do not represent properties of the substance. 
Now with the superheated Rankine cycle the work area DCHK is 
added out of a heat addition of HCHM. The efficiency is raised 
because the added work area is a larger ratio of the added heat 
area than the original efficiency. But the work area of the Carnot 
cycle for the elevated temperature is represented by ‘the area 
APHK, so that the small addition DCHK is a ridiculously unsatis- 
factory approach. Moreover the constant pressure line BCH is 
no longer isothermal. It is still possible to extract steam and 
heat the feedwater to the boiler temperature so that the efficiency 
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may be made equal to and even slightly better than the Carnot 
efficiency for the saturation temperature’ GBC, but the feedwater 
cannot be heated to the upper temperature limit without en- 
countering excessive pressures. Hence this large area between 
the saturation temperature and the upper temperature accounts 
for the failure of the superheat cycle to meet the requirements of 
an efficiency corresponding to its temperature. 


Tur ADVANTAGE OF HiGH PRESSURE 


25 It should now be clear why there is a theoretical advantage 
in the use of high pressures, even though the temperature after 
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Fig 2 TemprratuRE-Enrropy D1iaAGRAM FOR RANKINE CYCLE WITH 
SUPERHEATING 


superheating is already at the limit fixed by the materials. In 
order to get the thermodynamic advantage of the highest tempera- 
ture reached the steam must be generated at that temperature, 
a process which is practicable only for wet steam and provided 
that the required pressure is maintained. Thus it is clear that, 
due to the nature of a vapor, the pressure is quite as important as 
the temperature. The curves of Fig. 1 set forth the very material 
rise in theoretical efficiency with increase of pressure at various 
initial total temperatures, and it should be noted that the increase 
is still more rapid when steam extraction is employed. These curves 
have been carried to 1000 lb. per sq. in. absolute pressure. The 
manner of plotting on a logarithmic base renders the line so nearly 
straight that extrapolation is easy although it may not be war- 
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ranted. Even at 1000 lb. per sq. in. the properties of steam are 
not known with precision. The pressure-temperature relation is, 
however, well defined and this shows that with saturated steam 
at 1000 lb. per sq. in. absolute pressure, using the extraction cycle, 
the efficiency, high as it is, only equals the Carnot efficiency for 
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542 deg. fahr. and the temperature at the critical pressure itself 
is only about 700 deg. fahr. 


Tue Binary-Varor TURBINE 


26 The foregoing all points to the necessity of a substance 
whose vapor pressure will not be excessive at the temperature to 
which the materials of construction may be submitted. And this 
is the great adyantage of the mercury turbine. Fig. 3 presents 
a temperature-entropy diagram for one pound of steam with a 
similar diagram for ten pounds of mercury drawn at the higher 
temperatures. In a particular machine the relative amounts of 
steam and mercury would be slightly different, depending on the 
temperature of the condenser-boiler. The ten-to-one ratio is 
convenient for plotting. The low pressure of 45 lb. per sq. in. 
at 800 deg. fahr. is very satisfactory and the exhaust at one inch 
of mercury back pressure heats a steam boiler at 400 deg. fahr. 
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and 250 lb. per sq. in. pressure, the steam from which may in turn 
be expanded to one inch of mercury back pressure. The entire 
working range of temperatures is from 800 deg. to 80 deg. fahr., 
and in each case wet vapors are used. In each case, also, extraction 
may, imaginably at least, be employed, although the mercury has 
so little liquid heat, as a glance at Fig. 3 shows, that its Rankine 
cycle is considerably nearer to ideal than is the case with steam. 
However, considering the ideal case, a simple scaling from Fig. 1 
shows a theoretical increase of economy of the process just described 
of 37 per cent, as compared with good modern turbine practice 
using steam at 350 lb. per sq. in. pressure and 700 degrees 
fahrenheit temperature, and a saving of 28.7 per cent as compared 
with the same turbine utilizing the extraction cycle to the 
limit. 

27 The mercury turbine has thus given a practicable way to 
reach the upper temperature limit as fixed by the strength of 
materials. The aim in that direction is now being directed at the 
materials of construction, and this is entirely correct. 


Ture LowEeR TEMPERATURE LIMIT 


28 At the other end of the process, the condenser, the tempera- 
ture limit is fixed by natural conditions. Cooling water sufficient 
to maintain a vacuum at 80 deg. fahr. is about as good as can 
usually be expected. However, it is the intention of this paper to 
look somewhat beyond immediate possibilities in a variety of 
directions. Fig. 3 also includes the liquid and saturation lines for 
ammonia, and if a turbine were supposed to be equipped with an 
ammonia condenser-boiler, then another turbine, an ammonia 
turbine, might as easily continue the process as the steam turbine 
continued the mercury process. If such a steam plant were 
located in the polar regions in winter so that the atmosphere could 
condense the ammonia at — 25 deg. fahr., it would be possible to 
expand the ammonia to atmospheric pressure. Now if the feed 
is heated by extraction as in the case of the steam and mercury, 
the efficiency would be such as to effect a saving of 45 per cent 
over the case of a steam turbine working with the Rankine cycle 
at 350 lb. per sq. in. pressure and 700 degrees fahrenheit 
temperature. 

29 It may also be noted here that sulphur dioxide could be used 
with less severe pressures than ammonia. This might be a matter 
for consideration if the process were adopted, and there is another 
reason than the efficiency of the process for the use of a refrigerating 
fluid for the last few stages. The capacity of the compound unit, 
being dependent on the last wheel of the steam turbine, could be 
very much increased if the steam expansion were stopped at a 
moderate vacuum and the remaining energy utilized in one of the 
suggested refrigerating fluids which have very much smaller specific 
volumes at the temperatures in question. 
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THE ADVANTAGE oF Stpam EXTRACTION 


30 Having thus discussed what the theoretical efficiency is 
and how various practical limitations determine what is ideal in 
any particular case, the next matter to consider is the utilitarian 
question of the value of the various improvements already insti- 
tuted. The idea is to take up step by step various limitations 
that lie between the application of the perfectly general theory 
and present steam-plant methods. The advantage of the mercury 
turbine has been pointed out. The theoretical advantage of 
steam extraction is shown in Fig. 1. The practical advantage 
depends on the number of heaters. Very roughly it may be said 
that, in comparison with no feed heating, the use of one heater 
will realize between a third and a half of the full theoretical gain, 
and also, very roughly, that each additional heater will realize 
an improvement about half as large as the last preceding heater 
added to the system. 


THe ADVANTAGES OF SUPERHEAT 


31 The advantage of superheat, as mentioned before, is almost 
entirely a matter of practical application due to the limitation of 
a high initial pressure. The desired temperature cannot be attained 
with wet steam without incurring too high an initial pressure. 
Hence the pressure is pushed as high as possible and the slight ad- 
vantage illustrated in Fig. 2 is realized by superheating. The 
theoretical value is plotted in Fig. 1 in terms of total tempera- 
tures. Fortunately, the use of superheat is attended with a non- 
thermodynamic improvement in efficiency which is roughly of the 
same order of magnitude as the theoretical improvement. This is 
attributed to removal of moisture in the lower stages of the turbine. 
And still further the greater heat turnover per pound of steam 
results in an even greater reduction of water rate, which is advan- 
tageous in permitting a larger capacity rating of the machine. 

32 In order to visualize these advantages it may be said, very 
roughly, that the theoretical gain in economy is about 1.5 per 
cent for 100 deg. fahr. superheat, while the non-thermodynamic 
gain is about as much more, making an overall reduction of heat 
rate in the neighborhood of 3 per cent per 100 deg. of superheat. 
The reduction in water rate is, on the other hand, of the order of 
8 per cent per 100 deg. fahr. However, this must be clearly dis- 
tinguished from an increase in the economy of operation of the 
plant. A reduction of water rate does not mean a corresponding 
reduction in the fuel rate becarise reductions in water rate usually 
entail a substantial increase in the heat per pound absorbed by the 
steam in the boiler. : . 

RESUPERHEATING 


33 The desirability of resuperheating is due largely to the 
same reasons that apply in the case of initial superheat. But. the 
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newness of the process makes it less easy to say what the gain 
may be beyond the theoretical amount. Fig. 4 shows at a glance 
that the cycle has been improved, roughly, by nearly the same 
degree as in the case of initial superheat as compared with satu- 
rated steam. The process is accompanied by a further reduction 
of water rate, as explained before, which is greater than corresponds 
with the reduction in heat rate. In passing it may be noted that 
this resuperheating process is a sort of partial expansion under 
isothermal conditions. For instance, if the resuperheating should 
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Fic. 4 TEMPERATURE—ENTROPY DIAGRAM WITH RESUPERHEATING 


take place in each stage, this isothermal expansion might go on to 
exhaust pressure. There would be a slight additional gain in 
economy, but the efficiency of the process would not approach 
that of the Carnot cycle. The practical application is limited to 
about one or two steps of resuperheating. 


DryIneG 


34 Drying may be accomplished by the same process as resuper- 
heating, namely, by the addition of heat; but if the addition of 
heat is only sufficient to dry the steam without superheating it, 
the gain will be slight and due largely to increased mechanical 
efficiency in the process of energy conversion. On the other hand, 
if the drying is done by moisture abstraction, the gain is very 
appreciable. The moisture removed should be used for feedwater 
heating, and the practical rise of efficiency due to drier steam in 
the turbine should be realized. Here again it is impossible to say 
how much improvement can be realized until the method is put 
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into practice. On the other hand, steam separators have been 
used for a long time, and the use of some form of separator in con- 
nection with extraction for feed heating would enable the removal 
of an especially wet sample of steam. In other words, instead of 
extracting a homogeneous sample, the extraction of all the moisture 
and only so much dry steam as might be required should enable 
one extraction drier used for feed heating to accomplish about 
as much gain in economy as, say, two extraction heaters of the 
surface-condenser type. This rough statement depends for its 
truth on the possibility of satisfactorily operating the drying 
process. 


THE ECONOMIZER 


35 In all that has been said so far, there has appeared no place 
for an economizer. Indeed, as far as the theory goes, it appears 
to be anomalous. In considering the ideal furnace it was pointed 
out that flue-gas heat should be transferred to the entering air, 
and in considering the extraction cycle the logical source of feed- 
water heat was seen to be extracted steam. The economizer is 
intentionally aimed to extend the boiler process to a temperature 
below that corresponding to its pressure; i.e., to destroy its 
isothermal nature. But in all these cases where a substantial 
practice has grown up there is always a good common-sense reason 
sufficient to justify it at the time. Whether the practice should 
continue or not is always an appropriate question. The discharge 
of hot flue gas was a waste. To pump cold water into a hot boiler 
was bad. The transfer of heat from hot gas to water was a process 
well known, since it was taking place in every boiler; hence the 
economizer. 

36 To secure an exchange of heat between large quantities of air 
with reasonable temperature differences is not so easy. The design 
of such apparatus is progressing at the present time, however, and 
installations of this nature have been made. It is certainly a 
process theoretically of such distinct value as to warrant serious 
attempts to accomplish its practical use. On the other hand, 
the success of this process will not in itself displace the economizer. 
The economizer works at temperatures roughly between 300 und 
600 deg. fahr., whereas grate manufacturers prefer the air to enter 
the furnace at a temperature less than 300 deg. fahr. or certainly 
not much more. This is another very real limitation on the realiza- 
tion of the ideal arrangement. The inability to utilize this flow of 
fluid for returning low-grade heat to the furnace means definitely 
a corresponding amount of waste Here is a very good reason for 
pulverized fuel, if it will permit the use of very hot air going to 
the fire. ; 


Ark PREHEATING FROM THE HCONOMIZER 


37 There are several alternative methods of connecting up 
these channels for the return of low-grade heat to the system. In 
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examining them it should be kept in mind that the idea is always 
to transfer heat with the least possible temperature difference. 
That is, the process should be as nearly truly regenerative as 
possible. 

38 One suggestion that has been made with a view to trans- 
ferring the heat of the exhaust gases to the incoming air is to fill 
the economizer with an auxiliary hot-water heating system and 
pipe this to hot-water radiators in the inlet-air system. Such an 
arrangement would avoid the bulkiness of air-to-air heaters. But 
it does not commend itself on account of its complexity, although 
the contraflow feature of a regenerative process might be utilized 
at each end. Moreover, the water would have to be confined 
under a very considerable pressure in order to attain the necessary 
temperature. Such a system would, however, leave the feedwater 
free to absorb the heat of extracted steam, and perhaps a more 
suitable auxiliary liquid than water could be selected for the 
transfer of the heat of the flue gases to the air. 


AtR PREHEATING WITH EXTRACTED STEAM 


39 The use of extracted steam for air preheating is another 
scheme. If the economizer is used at the same time, it will be 
observed that the recommended arrangements of the ideal process 
have been crossed. In detail, instead of recovering the low-grade 

«heat by the two regenerative processes, flue gas to air and extracted 
‘steam to feedwater, the following processes have been substituted: 
Flue gas to-feedwater and extracted steam to air. This is all right 
as far as it goes, but examination shows that the crisscross is not 
equivalent to the direct process. To make this plain it is noted 
that very roughly two pounds of air flow are required to one pound 
of water, whereas the specific heat of the air is only about one 
quarter as much as that of the water. The air circulation, then, 
can carry back only about half as much heat per degree rise as 
the water circulation. There is also the limitation of grate tempera- 
ture. Thus, even if all the air should be preheated by extracted 
steam, it would still be desirable to extract more for feed heating. 


PARALLEL FEED HEATING 


40 Still another arrangement occurs to the author. The 
‘economizer must receive reasonably cold water in order to work 
efficiently, whereas the extraction process is not pushed to its 
limit unless it heats the water to boiler temperature. Present 
arrangements send the feedwater from the heaters to the econo- 
mizer, thus dividing the available temperature range between the 
two heating devices. A more efficient way than to divide the 
temperature rise would be to divide the circulation into two very 
roughly equal parts (supposing pulverized fuel and no limitation 
on the ‘air-preheating temperature). One branch of the system 


, ERNEST L. ROBINSON 659 


would be sent to the economizer as it comes from the hotwell 
and should permit the cooling of the flue gases to a materially lower 
temperature than with feedwater already preheated. The other 
branch of the system should be arranged to receive extracted steam, 
including appropriate amounts from the high-pressure stages, 
since these temperatures no longer detract from the action of the 
economizer. Similar amounts of extracted steam would be used 
for preheating the air. Such a process in perfect adjustment would 
approach the ideal process. 


THe House TuRBINE 


41 It is now time to discuss the use of a house turbine for 
feedwater heating. Very simply, if the house turbine has the 
same efficiency as the main units it is exactly equivalent to single- 
stage extraction. A house turbine is rarely as efficient as the main 
units, and generally means a less economical heat rate than extrac- 
tion from the main units. On the other hand, it has certain ad- 
vantages in the way of flexible adjustment that cause its use as a 
so-called ‘‘heat-balancer” element. By shifting the load on the 
house turbine the temperature of the feedwater may be regulated. 
It would be preferable to control the quantities extracted from 
the main units. 


STEAM AUXILIARIES FOR FEED HEATING 


42 If steam auxiliaries are used for other reasons, the exhaust 
heat from these may be used for feedwater heating. It is inter- 
esting to read descriptions of this common practice which seem to 
reflect an opinion that it is desirable to create a number of losses 
in order to have losses to recover. Steam auxiliaries are usually 
very inefficient as compared with the main unit and therefore not 
to be compared with motor drive. In consequence the use of such 
heat is 4 waste as compared with extraction from the main unit. 
Furthermore, this heat is rarely added regeneratively but is dumped 
in at once, so that it reduces the ability to extract other steam 
more than in proportion to its own value. 

43 The wisdom of having certain auxiliary drives duplicated 
by steam stand-bys in the interest of station reliability is not 
disputed at all. But it is maintained that the deliberate layout 
of a plant to heat the feedwater with such steam on the supposi- 
tion that it is not lost is wrong, because such a layout prevents the 
use of another arrangement which is more efficient. The heat 
returned to the system is not lost, but for a given quantity of 
heat recirculated the auxiliaries can turn less into useful work 
than the main units. 


OruEerR Sources or Low-Grapp Har 


44 ‘There are also several other sources of low-grade heat about 
the station which may be used for feed-heating purposes. Among 
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these may be listed the following possibilities: The exhaust from 
the turbine high-pressure packings; the heat of the steam air 
ejectors; the heat of the bearings as recovered from the oil coolers; 
the generator losses as recovered in the generator cooling-air circu- 
lation. In such cases it is perfectly plain that the loss should not 
be created in order to get the heat. But having the heat it is 
allowable to use it, especially if it does not hinder the use of other 
heat. The process always should be as nearly regenerative as 
possible, and the final test of usefulness is the effect on the heat 
rate of the station as a whole as compared to the effect of some 
other arrangement. 


Tue FINAL CRITERION 


45 The importance of considering the station heat rate as a 
whole is not always appreciated. As soon as the boiler plant and 
the turbine plant are connected by the regenerative processes 
the whole station becomes a single thermodynamic unit, and it is 
no longer possible to judge its economy by considering separately 
the boiler and the turbine. For example, the economizer may be 
made extremely efficient at the expense of all feed heating by 
extraction. Or the reverse may happen so that there is excessive 
waste in the flue gases. The only safe rule is to look at the heat 
rate of the whole plant. Furthermore, in accepting such a criterion 
the electrical apparatus must not be lost sight of, nor the fixed 
charges. No one would consider for a moment doubling the 
investment to obtain a one per cent increase in economy, and it 
is unwisdom of the same sort that focuses attention on any one 
element of the plant to the exclusion of its effect on the whole. 


Capacity RatInG 


46 In conclusion, it seems necessary to consider the effect of 
the various improvements on the capacity of a unit. This relation 
has been noted repeatedly in passing, and it is a fortunate circum- 
stance that improvements in efficiency usually result in a greater 
power output from a given amount of working substance and thus 
tend to increase the rated capacity of a machine. In the ease of a 
particular turbine of large size, the rating depends on the volume 
of steam passing the last wheel so that reductions of water rate, 
especially water rate at the last wheel, cause corresponding increases 
in the rated capacity of the turbine. The reduction of water rate 
with superheat has been mentioned. A similar reduction occurs 
with increased pressure. The effect of steam extraction is obviously 
to reduce the water rate at the last wheel. Recent advances in the 
rating of single turbine units have brought the importance of this 
subject to the front, and it seems necessary to point out here the 
great increase in capacity which theory alone provides in the 
case oe machines using the improvements which have been dis- 
cussed, 
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47 Fig. 5 is a chart of reciprocal water rates or theoretical 
capacities in kilowatt-hours per pound of steam at the condenser. 
Curves have been plotted for the Rankine cycle with superheat 
and for the extraction cycle. Although the specific volume at the 
exhaust does not vary greatly, very fine lines have been added to 
show its theoretical value. A comparison with Fig. 1 shows at 
a glance how much more rapidly the capacity rises than the effi- 
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ciency. For instance from 130 lb. per sq. in. absolute and satu- 
rated steam with the Rankine cycle to 750 lb. per sq. in. and 750 
deg. fahr. temperature with the extraction cycle, the capacity is 
just doubled while the economy is improved one third. In this 
example the theoretical specific volume at the exhaust is the 
same in each case. 

48 In the case of increased superheat at a fixed pressure the 
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capacity rating of the machine increases less rapidly than the 
capacity per pound on account of the greater exhaust volume. On 
the other hand, with increased pressure at a constant superheat 
the capacity rating increases more rapidly than the capacity per 
pound because of the reduced exhaust volume. Generally speak- 
ing, increases of superheat have been accompanied by increases of 
pressure, so that exhaust specific volumes have been changed 
very little. It should therefore be plain that the continual in- 
creases of turbine rating which have occurred in the past decade 
without recourse to double-flow or multi-flow construction have 
been in a large degree due to true improvements in the thermo- 
dynamic processes. How much farther such improvements can 
be carried remains to be seen. 

49 The author wishes to acknowledge the valuable critical 
suggestions of friends who have read the paper before printing, 
especially Dr. B. L. Newkirk and Mr. G. B. Warren. 


APPENDIX 


50 The formulas for calculating the theoretical value of steam extrac- 
tion as shown in Fig. 1 and Fig. 5 are given herewith. One pound of steam 
is supposed to go to the condenser. At any pressure during expansion the 
quantity of working steamis (1+ w)lb. At this pressure the corresponding 
total heat is H and liquid heat is h. The subscript 1 indicates the initial 
pressure and 2 the exhaust pressure. The formulas are expressed in terms 
of liquid heat at any pressure. e is the base of the Napierian system of 
logarithms. 

51 The heat balance for any particular infinitesimal heater gives the 
relation: 

dw(H —h) = (1+w)dh 


Integrating, the amount of working substance is: 
h dh 
hgH —-—h 

1 +w =e 


52 The energy H added to the Rankine cycle per pound of steam in the 
condenser, which is also the extra amount put in by the boiler per pound of 
steam in the condenser, is given by integrating the following expression for 
the work done by the steam going to any particular infinitesimal heater. 

yeas 


HT 
dE = (Ai — H)dw = aa (1 + w)dh 


jeje 
hi Hy — H 
E= ) 
i li Hoh (1 + w)dh 


53 These formulas are used by tabulating or plotting the quantities 
as functions of the liquid heat. The integration is then performed graph- 
ically ‘and the efficiencies and capacities are easily calculated. 
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In this paper the authors discuss the relative thermal and investment 
costs involved in modern turbo-generator stations, using various steam 
pressures and temperatures, and six different cycles. Particulars regard- 
ing the study are summarized in the three paragraphs immediately 
following. 


pie paper is a study of the relative thermal and investment 

costs involved in a modern turbo-generator central station, 
as determined by a consideration of steam pressures from 200 to 
1200 lb. per sq. in., steam temperatures of 700’and 800 deg. fahr. 
and six different cycles in which reheating and regenerating are 
involved in various degrees. 

2 The work naturally divides itself into two parts, the first 
of which deals with the information that may be gained from a 
study of the ideal cycles, the second with the probable fuel econo- 
mies and operating characteristics that may be expected from real 
plants operating on the several cycles and at various pressures. 
The second portion of the paper also includes the relative invest- 
ment costs which have been worked out in so far as they are affected 
by the various cycles and steam pressures. 

3 In both .parts special effort has been made to keep in mind 
the importance of correct relative, rather than absolute, values. In 
the first part: the properties of high-pressure steam, which are 
uncertain to some degree, affect somewhat the absolute values of 
the efficiencies, but if the correct thermodynamic relations have 
been used the relative values cannot ibe very far from true. In 

1 For discussion and closure see pp. 766’and 802. 
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the second part, however, there are so many complex relations 
involved that even the relative thermal values are necessarily 
somewhat uncertain. The estimated costs of the high-pressure 
stations operating on different cycles are based on information 
which is the best obtainable by the authors at this time, but 
naturally these estimates may be rather far from what will develop 
when such plants are more carefully studied or actually built. 


I—IDEAL STEAM-POWER-PLANT CYCLES 
Mranina or [peat CycLEe 


4 An ideal steam-power-plant cycle is one in which water and 
steam are assumed to pass through a series of physical processes 
in a perfect fashion so that the losses due to throttling, turbulence, 
friction, radiation, conduction, and other phenomena unavoidably 
present in real plants, are excluded. The only loss that remains in 
such a case is the thermodynamically unavoidable one due to the 
heat rejected in the exhaust. 

5 The actual steam plant, unfortunately, cannot be operated 
under such ideal conditions, but nevertheless the study of ideal 
cycles is of particular importance to engineers at the present time 
because they are working in the midst of many new developments 
relating to very high pressures and various schemes for reducing 
the exhaust losses. The exhaust loss in a real plant is larger than 
all the others combined, so that the best way of utilizing some of 
this exhaust heat, other than by industrial heating — which is 
sometimes feasible — becomes a problem of increasing importance 
as higher fuel prices are encountered. 


TEMPERATURES CONSIDERED 


6 In this study it is assumed that at the present time the 
upper limit of the temperature of steam that can be used success- 
fully in steam power plants is from 700 to 725 deg. fahr. The ideal- 
cycle diagrams have therefore been drawn with solid lines for a 
temperature of 700 deg. and with dotted lines for a temperature 
of 800 deg., a value which may possibly prove feasible in the 
next few years. The ideal-cycle calculations have been made for 
both temperatures, and the corresponding efficiency curves have 
been drawn solid and dotted, respectively. 


NAMES AND DIAGRAMS OF THE CYCLES 


7 In considering the ideal cycles for any type of heat engines, 
that of Carnot is always entitled to first place. This cycle is too 
well known and too difficult to approach in a real steam plant, to 
require at this time any discussion or diagram. Attention will 
simply be called to the fact that with the upper steam temperatures 
of 700 and 800 deg. fahr. and an exhaust temperature of 79 deg., 
the corresponding Carnot efficiencies are respectively 0.535 and 
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0.572, which are, as all engineers know, the maximum attainable 
efficiencies with these temperature limits. Of the six other cycles 
considered, the Rankine is the only one that is almost universally 
called by the same name throughout the engineering world. In 
order to avoid confusion it will therefore be necessary to assign 
names to each of the cycles considered. As a matter of additional 
convenience for this study, the different cycles have been desig- 
nated respectively by the first six letters of the alphabet. The 
names chosen are intended to be characteristic of the most un- 
usual parts of the cycle, or in other words to identify the cycle 
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by a name which indicates the unusual processes involved. All 
of the cycles herein considered have certain common characteris- 
tics, namely, the constant-pressure processes represented by the 
lines abc in each figure. 

8 The Rankine Cycle (A) is made up of the processes indicated 
in Fig. 1, in which the cycle is drawn for initial pressures of 200 
and 1200 lb. and maximum temperatures of 700 and 800 deg. 
fahr. In this cycle the steam is formed at constant pressure and 
is then considered to pass without any loss by throttling or radia- 
tion to the turbine, in which the adiabatic expansion, cd, takes 
place until exhaust pressure is reached as indicated by the state d. 
Condensation of the exhaust steam then takes place at constant 
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pressure as shown by the line da. This cycle has much to recom- 
mend it from the standpoint of simplicity and is the one in most 
common use today. It does not, however, have as great possi- 
bilities regarding thermal economy as some of the others. 

9 The Reheating Cycle (B) is composed of the processes shown 
in Fig. 2. The steam expands adiabatically from c to d and then 
is reheated at constant pressure from d to e, after which a second 
adiabatic expansion takes place from ¢ to f. The rest of the cycle 
is the same as cycle A. This reheating implies that the steam is 
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carried back to the boiler plant to pass through a suitable reheater 
and is then returned to the turbine in which the expansion is 
completed, or else that there has been provided near the turbine 
a suitable separately fired reheating apparatus so that the steam 
does not have to be carried back to the boiler room. Both of 
these schemes involve certain complications and possibly difficul- 
ties in a real plant. The particular pressure at which the reheating 
should be carried out in order to give a maximum efficiency of 
this cycle is shown by curves which will be discussed later in con- 
nection with Figs. 8 and 9, and by the calculations given in Tables 
9 and 10 of Appendix No. 141 In these tables, cycle A is properly 


1 See note on page 711, 
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treated in the calculations as a special case of cycle B in which the 
reheating pressure is 100 per cent of the throttle pressure. 

10 The Cycle with Isothermal Superheating (C) consists of the 
processes shown in Fig. 3. This name is used because the cycle 
involves an isothermal expansion of superheated steam as indi- 
cated by the line ed. It is not claimed that this process is likely 
to be approached even approximately in any real turbine, as it 
now seems that the expense and complication resulting from the 
attempt to supply heat to the steam while it is expanding in the 
turbine would probably more than offset the advantages to be 
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gained thereby. The study of this cycle, however, does offer one 
very great advantage, in that it shows a maximum which might be 
approached by using an infinitely large number of constant-pres- 
sure reheating devices as explained for cycle B. The calculations 
for the efficiency of this cycle will be found in Table i of 
Appendix No. 1, and the efficiency curves are shown in Fig. 10. 

11 The Regenerative Cycle (D) is made up of processes which 
may be indicated as in Fig. 4, although some of these processes 
are complex. This important cycle i is called ‘ ‘regenerative”’ because 
steam is bled from the turbine at a number of stages to feedwater 
heaters, and the heat which is thus recovered is returned to the 
boiler. 
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12 In the ideal cycle an infinitely large number of bleeder 
heaters are assumed to be used, so that if superheated steam is 
not bled, the line de is drawn parallel to the liquid line fa. If 
there had been no bleeding, the adiabatic expansion would have 
continued to the state e’. On the other hand, with bleeding, suc- 
cessive portions of the steam are withdrawn from the turbine and 
condensed, heating the feedwater, while the remainder proceeds 
through the turbine, continuing the isentropic expansion. 

13 If at each temperature the portion in the turbine and the 
portion which has been bled and condensed be considered to be 
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mixed together, the resultant state is that shown on a curve drawn 
parallel to the liquid line. In other words, the curve de is drawn 
for the entire weight of steam considered in the cycle and does 
not represent the state of only that portion of the steam contin- 
uing through the turbine. By drawing the diagram to represent 
all of the steam considered, the area abcde represents the energy 
available from this amount of steam and the equations for the 
cycle efficiency may be developed readily. 

14 In case superheated steam should be bled the process cannot 
be shown in the superheated field by drawing a line parallel to the 
liquid line. The reason for this is that the specific heat is so much 
less for superheated steam than for water, that even though all of 
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the throttle steam should be bled there would not be enough heat 
available from it to heat the feedwater to the same temperature as 
that of the superheated steam at the beginning of bleeding. This 
statement does not mean that there are no cases in which it is 
economically desirable to bleed superheated steam, but it is in- 
tended to call attention to the fact that the temperature-entropy 
diagram, the equations, and the efficiency curves given in this 
paper are to be used only when saturated steam is bled. 

15 It is particularly instructive to observe from Fig. 4 how the 
temperature of the feedwater rises in this cycle as we go to high 
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pressures. For the ideal regenerative cycle using a throttle pres- 
sure of 1200 lb. per sq. in. and a temperature of 700 deg. the feed- 
water might be returned to the boiler at a temperature of about 
450 deg., whereas for a throttle pressure of 200 lb. the feedwater 
temperature would be only about 225 deg. 

16 The curves which show how the efficiency of this cycle 
is affected by varying the bleeding temperature may be seen in 
Figs. 11 and 12, and the calculations are given by Tables 12 and 
13 in Appendix No. 1. 

17 The Reheating-Regenerative Cycle (E) is outlined in Fig. 5. 
It is called ‘‘ reheating-regenerative”’, for the reason that the steam 
is reheated as in the case of cycle B, and then the regenerative 
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principle is also applied as discussed for cycle D. Therefore the 
area abcdegh represents the available energy in B.t.u. per pound of 
throttle steam. This cycle implies considerable complication, but 
under certain conditions its possible advantages apparently justify 
the building of a plant to operate with this ideal. The results of 
the calculations for the efficiency of this cycle are given in Tables 
14 and 15 in Appendix No. 1 and also in Figs. 13, 14, 15, and 16. 

18 The Isothermal-Regenerative Cycle (F) is made up of the 
processes shown in Fig. 6. This cycle can hardly be called an 
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important one except in so far as it indicates the limiting possi- 
bilities of cycle E with an infinitely large number of reheaters, so 
that the isothermal expansion in the superheated region is ap- 
proached as shown by the curve cd. The regenerative portion of 
this cycle is exactly similar to that described for the two previous 
cycles, except that the saturation temperature at which the 
bleeding begins is determined by the amount of isothermal ex- 
pansion permitted in the turbine. In other words, the length of 
the line cd determines the temperature at e and consequently at f. 
Several different temperatures of bleeding have been used in the 
calculation of the efficiency of this ideal cycle and the results may 
be found in Tables 16 and 17 of Appendix No. 1, also in Fig. 17. 
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EFFICIENCIES OF IDEAL CYCLES 


19 The efficiency of any ideal cycle is the ratio of the avail- 
able energy, or the energy convertible into work, to the heat sup- 
plied during the entire cycle. In order to save space the cycle 
efficiencies will each be expressed in general terms, using the 
following notation: . 

Let H = specific total heat of the steam in B.t.u. per lb. for any 

state indicated by the subscript 

q = specific total heat of the liquid in B.t.u. per lb. for any 
state indicated by the subscript 

T = absolute temperature in deg. fahr. for any state indi- 
cated by the subscript 

t = ordinary temperature in deg. fahr. for any state in- 
dieated by the subscript 

p = absolute pressure in lb. per sq. in. for any state indicated 
by the subscript 

V = specific volume in cu. ft. per lb. for any state indicated 
by the subscript 

¢ = specific entropy for any state indicated by the subscript 

F = feed-pump work of the ideal cycle, in B.t.u. per lb. 
of water. 


20 With this notation, and neglecting the feed-pump work — 
which is considered later — we then have: 
For the Rankine Cycle (A) as shown by Fig. 1, 
H.— Ha 
He. — Ga 
For the Reheating Cycle (B) as shown by Fig. 2, 
H.—Hi+ H.— H; 
H,— Hat+H.e- 
For the Cycle with Isothermal Superheating (C) as shown by Fig. 3, 
H. — Hy + (ta — te) (ba — de) 

H.— qat+ Talba — $c) 
For the Regenerative Cycle (D) as shown by Fig. 4, 
H. — q¢ — Ta — $1) 

H. — qs 
For the Reheating-Regenerative Cycle (E) as shown by Fig. 5, 
Jak = Hat ie ne leh + (ty rt th) (Po = gy) 
H, aot aets Biase Ha 
For the Regenerative Cycle with Isothermal Superheating (F) as 
shown by Fig. 6, : 
aicieneye H. — Hnt (ta — te) (ba — pe) + (tr — to) (Ge — 1) 
H. — q¢ + T.(ba — $c) 


Efficiency = 


Efficiency = 


Efficiency = 


Efficiency = 


Efficiency = 
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Work or THE BorLterR-FEEep Pump IN AN IDEAL CYCLE 


21 In calculating the efficiencies of ideal cycles, the work re- 
quired to pump the water into the boiler is usually neglected. 
This concession to convenience will probably continue quite gen- 
erally, since the cycle efficiency is only slightly reduced by including 
this term. However, since this item evidently increases in im- 
portance with the pressure, it has seemed worth while to compute 
it for the range of pressures considered in this paper, in order to 
give an accurate conception of its magnitude. 

22 Calling the work of the ideal boiler-feed pump F’, the true 
efficiency of each of the above cycles is found by subtracting from 


TABLE 1 EFFECT OF FEED-PUMP WORK ON IDEAL CYCLE 
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. @ | ' fo 1 q » 2 LA cS eo eo a a = 
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200 0.6 1327.4 1326.8 447.7 447.1 0.3373 0.3370 0.0003 
400 1.2 1315.3 1314.1 481.4 480.2 0.3660 0.3654 0.0006 
ie 709 | 600 1.8 1301.4 1299.6 497.3 495.5 0.3821 0.3813 0.0008 
800 2.4 1286.1 1283.7 505.0 502.6 0.3926 0.3915 0.0011 
1000 3.0 1269.9 1266.9 509.1 506.1 0.4009 0.3995 0.0014 
1200 3.6 1250.9 1247.3 508.0 504.4 0.4061 0.4044 0.0017 
200 0.6 1171.4 1170.8 429.0 428.4 0.3662 0.3659 0.0003 
400 1.2 1095.0 1093.8 446.5 445.3 0.4078 0.4071 0.0007 
D Max. 7001 600 1.8 031.6 1029.8 446.2 444.4 0.4325 0.4315 0.0010 
; 800 2.4 1974.2 971.8 439.2 436.8 0.4508 0.4495 0.0013 
1000: 3.0 918.8 915.8 428.0 425.0 0.4658 0.4641 0.0017 
1200 3.6 863.3 859.7 411.9 408.3 0.4771 0.4749 0.0022 


both the numerator and denominator of the equations given in 
Par. 20 the term F’, whose value is given by the equation 


_ 144(p. — Da)Va _ 144(p, — 0.491) (0.0161) 


778 778 
= 0.00297 (p, — 0.491)B.t.u. per lb. 


F 


23 Table 1 shows the magnitude of this correction when applied 
to cycles A and D, and for the other cycles it would be only slightly 
different. Since this correction is relatively small, it affects the 
absolute value of the efficiency but little, and since its variations 
are still smaller, they affect only slightly the changes in efficiency 
due to changes in cycle or operating conditions; hence this cor- 
rection will be neglected. However, in the consideration of the 
performance of real plants, the various losses in the feed piping, 
pump, and motor are such that the power required to operate the 
feed pumps becomes of considerable importance, especially at 
high pressures, as will be shown in Part II. 
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Steam TABLES Usep 


24 In all of the calculations involving the properties of steam, 
Goodenough’s tables were used, since his values are given for a 
pressure as high as 800 lb. per sq. in. in the superheated field. 
Beyond this pressure the values were calculated from Goodenough’s 
equations. The numerical values of all quantities used in deter- 
mining the various cycle efficiencies are given in Tables 9 to 17, 
inclusive, in Appendix No. 1. The efficiencies have been calcu- 
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lated to a degree of accuracy not justified by our knowledge of the 
properties of steam when the absolute values of the efficiencies 
are considered. On the other hand, our study is concerned largely 
with relative values, or differences, and the only way to secure 
concordant results is to assume that our initial data are exact, and 
compute results to sufficient significant figures to bring out 
the differences. The differences between successive values are of 
course much more accurate than any of the absolute values. 


EFFICIENCY CURVES 


25 The effect of pressure on the efficiency of the Rankine 
cycle (A) is shown in Fig. 7 for the two throttle temperatures 
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of 700 and 800 deg. fahr., both with and without the correction 
for the ideal feed-pump work. 

26 The curves in Fig. 7 show that increasing the pressure from 
200 to 1200 lb. per sq. in. causes the efficiency of the Rankine 
cycle to increase about 20 per cent, while increasing the throttle 
temperature from a value of 700 to 800 deg. fahr. will cause the 
efficiency to be increased only about 2 per cent. 


27 The efficiencies of the Reheating Cycle (B) for various 
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Fie. 8 Erricisncy or Cycitn B (REHEATING) 


Temperature at throttle, 700 deg. fahr.; exhaust pressure, 1 in. Hg abs.; throttle 
pressures (lb. per sq. in. abs.) indicated on curves. 


throttle pressures and reheating pressures are shown by the curves 
in Fig. 8. The increase in the throttle pressure from 200 to 1200 
Ib. per sq. in. will cause the efficiency of the cycle to increase by 
about the same percentage as the Rankine, which may be con- 
sidered as merely a limiting case of cycle B, with the reheating 
pressure equal to the throttle pressure. 

28 The points of maximum efficiency for each throttle pressure 
have been connected by a dotted line so that for any throttle 
pressure the proper reheating pressure to give the maximum cycle 
efficiency is readily determined. This maximum-efficiency curve 
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is based on ideal conditions and is to be used only as one important 
factor in trying to select the best reheating pressure for a real 
plant; throttling, the cost of piping, and the quality of the steam 
going to the lower stages of the turbine must also be considered. 

29 For a throttle temperature of 800 deg. fahr. and the re- 
heating cycle the curves shown in Fig. 9 should prove helpful in 
the same manner as those just discussed for 700 deg. 
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Temperature at throttle, 800 deg. fahr.; exhaust pressure, 1 in. I[g abs.; throttle 
pressures: (Ib. per sq. in. abs.) indicated on curves. 


30 For the Isothermal-Superheating Cycle (C) the curves of 
efficiency for the two throttle temperatures are shown in Fig. 10. 
The curves of cycle C for both temperatures are appreciably higher 
than those for cycle A or B for the same temperatures, a result 
which is to be expected, since in cycle C a greater portion of the 
heat supplied during the cycle is added at the maximum tem- 
perature. If there were available no cycles other than A, B, and C, 
whose relative efficiencies are clearly so favorable to C, one might 
attempt the difficult task of making a turbine in which the iso- 
thermal superheating process is approached; but fortunately 
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there is also the regenerative cycle (D), which has a higher effi- 
ciency than C for sufficiently high throttle pressures. Fig. 10 
shows that cycle D is superior above 450 lb. with an initial tem- 
perature of 700 deg. fahr. and above 750 lb. with an initial tem- 
perature of 800 deg. fahr. Further, cycle D merely calls for bleeder 
heaters, which are simple and not very costly, while C requires a 
new type of turbine built so as to maintain isothermal expansion. 

31 Considering the Regenerative Cycle (D) alone, it should 
be observed from Fig. 11 how the efficiency varies with a change 
in bleeding temperature (or pressure), throttle pressure, and 
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temperature. For each case it may be seen that the maximum 
efficiency occurs when the bleeding begins as soon as the saturation 
line is reached. The reason for the very slight improvement in 
efficiency resulting from increasing the throttle temperature to 
800 deg. fahr., is that as the throttle temperature is increased the 
maximum bleeding temperature goes down, as shown by the dia- 
gram of Fig. 4. The rising initial temperature tends to increase 
the cycle efficiency; but the decreasing boiler-feed temperature 
materially offsets this effect. The relation between throttle pres- 
sure and temperature, and the bleeding temperature to give maxi- 
mum efficiency of this cycle, is shown by the curves in Fig. 12. 
The question of how close we may be able to approach these values 
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in a real plant will be considered in the second part of this paper. 
Attention is called to the fact that no study of this cycle with 
bleeder heating at temperatures above saturation is included. 
This phase of the subject will be referred to later. 

32 The curves which represent the efficiency of the Reheating- 
Regenerative Cycle (EK) are shown in Figs. 13, 14, 15, and 16. Fig. 13 
shows how the efficiency is affected by changing the ratio of re- 
heating pressure to throttle pressure, and it also shows that there 
is a much greater improvement produced by increasing the throttle 
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Throttle pressures (lb. per sq. in. abs.) indicated on curves. Throttle temperature 


of 700 deg. fahr. shown by solid line; of 800 deg. fahr. by broken line. Exhaust pres- 
sure, 1 in. Hg abs. 


temperature to 800 deg. fahr., when this ratio is small. The tem- 
peratures of saturated steam at the beginning of bleeding, which 
change with the various throttle pressures and reheating pressures, 
are shown by the curves in Figs. 14 and 15 for the throttle tempera- 
tures of 700 and 800 deg. fahr., respectively. Fig. 16 shows the 
curves of Figs. 14 and 15 combined, except for the omission of the 
reheating pressure ratio. In all of the curves representing the 
efficiency of cycle H, it may be noted that only at the lower throttle 
pressure does this cycle give a higher efficiency than the regenera- 
tive cycle (D). 

33 Cycle F (Isothermal-Regenerative) gives efficiencies with 
values which vary from those of cycle C to those which are equal 
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to the maximum of cycle D, as may be seen from Fig. 17. In other 
words, the ratio of isothermal expansion in the ideal turbine, Va/V. 
of Fig. 6, has been varied from unity which corresponds to cycle D, 
to the maximum which corresponds to cycle C. This maximum 
ratio of expansion is arbitrarily taken such that at the end of the 
ideal adiabatic expansion the steam is exactly dry and saturated 
at the exhaust pressure, so that for this case there can be no bleeding. 

34 In Fig. 18 are given the efficiencies of the six cycles arranged 
so that they may be compared for a throttle temperature of 700 
deg. fahr. and various throttle pressures from 200 to 1200 lb. per 
sq. in. Clearly, cycle D is the one which deserves first place, 
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especially for the higher pressures, as far as efficiencies on the ideal 
basis are concerned. 

35 In addition to the efficiency, one other value which is im- 
portant to engineers and which may be calculated for the ideal 
cycles is the amount of energy available for work in the ideal 
turbine per unit volume of the steam at exhaust. This ratio is 
important because it is a partial measure of the relative sizes and 
costs of the turbines required to give the same power when operat- 
ing on the different cycles. The superiority of the regenerative 
cycle in this regard also, is shown by Fig. 19. Cycles C and F 
were not considered of sufficient importance to justify drawing 
their curves in this figure. Their values were calculated, however, 
and may be found in Tables 11, 16, and 17 of Appendix No. 1. 
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Concuusions From Parr I 


36 For any cycle herein studied it is clear that an increase in 
pressure causes an increase in efficiency and in energy available 
per unit volume of exhaust steam. This increase in efficiency with 
the pressure is less marked in the simple Rankine cycle than in 
the ones with more complicated apparatus. 

37 Changing the throttle temperature from 700 to 800 deg. 
fahr. causes a very marked increase in the efficiency of all cycles 
herein studied except those using the regenerative principle, which 
are improved but very little by this increased temperature. 
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Fie. 13 Erriciency or Cyrcite E (RexBATING-REGENERATIVE) 

Throttle pressures (lb. per sq. in. abs.) indicated on curves. Throttle temperatures 
of 700 and 800 deg. fahr. respectively shown by solid and broken lines. Exhaust 
pressure, 1 in. Hg abs. 

38 From the consideration of the ideal cycles alone it appears 
that the Rankine cycle, which is the one requiring the least appara- 
tus, is the least efficient throughout the entire range of pressures, 
and yields the least energy per unit volume of exhaust steam. At 
the top of the list, throughout the upper portion of the pressure 
range considered, and very close to the top in the lower portion, 
stands the regenerative cycle both as to efficiency and available 
energy per unit volume of exhaust steam. The extra apparatus 
which must be used in order to follow the regenerative cycle in- 
stead of the Rankine would seem to be simple enough to justify 
the extra expense in many cases. The study of the modifying 
factors in the real plant are treated in Part IT. 
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Temperature at throttle, 700 deg. fahr. Exhaust pressure, 1 in. Hg abs. Throttle 
pressures (lb. per sq. in. abs.) indicated on curves. r = ratio of reheating pressure to 
throttle pressure. 
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Temperature at throttle, 800 deg. fahr. Exhaust pressure, 1 in. Hg abs. Throttle 
pressures (lb. per sq. in. abs.) indicated on curves. r = ratio of reheating pteanurety 
throttle pressure. 
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Throttle pressures (lb. per sq. in, abs.) indicated on curves. Throttle temperatures 
of 700 and 800 deg. fahr. respectively shown by solid and broken lines, Exhaust 
pressure, 1 in. Hg abs. 
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II — PROBABLE RESULTS FROM REAL PLANTS 
Metuop or Estimating PLANT PERFORMANCE 


39 The efficiency of each of the ideal cycles may be calculated 
so that the results are correct except as they may be slightly affected 
by uncertainty in the values of the properties of high-pressure 
steam. The real steam plant, however, can never do‘as well as its 
corresponding ideal, and the degree of approach made toward this 
ideal is a very proper measure of excellence of the design, con- 
struction, and operation of such a plant. In a study of this kind 
it is desirable to determine as carefully as possible the probable 
performance of real plants, even though such plants may never 
be built to operate on some of the cycles discussed in this paper. 

40 Performance figures for a plant which has not been built 
may be obtained by modifying the results calculated for the ideal 
cycle on which the plant is intended to operate. The ideal-cycle 
output per unit mass of steam, multiplied by the engine efficiency 
and by the ratio of the heat supplied per pound of steam in the 
actual case to that in the corresponding ideal gives the gross 
generator output. With the gross generator output per unit 
mass of steam the flow of steam necessary to produce any gross 
power output is ascertained. From this gross output must be 
subtracted the power required by all of the plant auxiliaries 
which, for the convenience of this study, were assumed to be 
electrically driven. This power may be estimated rather closely 
for the plant load and boiler rating which are considered proper 
for a study of this kind. Any steam required for steam-driven 
auxiliaries, losses, etc., could be estimated per pound of steam to 
the main units and thus the total steam per unit of net plant 
output determined, in case it should be desired to use steam- 
driven, auxiliaries. The heat required to generate the necessary 
steam depends upon the boiler-room efficiency, which may be 
assumed to be the same for all cases in a comparative study of 
the type here under consideration, the extent of the heating sur- 
face being adjusted to give the efficiency assumed. The efficiency 
corresponding to the most economical heating surface might also 
be worked out, but the labor is very arduous when so many cycles 
and pressures are involved. 

41 The cost of the complete plant can be estimated only by 
finding out as carefully as time permits the cost of the various 
pieces of apparatus which make up the entire plant for each case 
considered. 


PROBABLE ENGINE EFFICIENCIES 


42 Of all the power-plant apparatus involved in a cycle the 
turbine group is the one whose engine efficiency is most sensitive 
to changes in the cycle and in the pressure and temperature of the 
steam. Instead of dealing with the efficiencies of turbine, generator 
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and heaters separately it is more convenient to work with the 
combined group. The engine efficiency of this group is the ratio 
of its thermal efficiency to the thermal efficiency of the ideal 
cycle. 

"43 The engine efficiencies to be expected from a turbo-gener- 
ator of 30,000 kw. capacity and its heaters when operating on the 
cycles under consideration have been calculated as well as possible, 
and the results are shown in Fig. 20. 

44 The method of establishing these curves will now be dis- 
cussed, and in this connection it should be noted that the use of 
different steam tables will give slightly different values. 

45 Many tests have been made on large turbo-generator units 
operating with steam at pressures of from 200 to 300 lb. per sq. in. 
so that the A or Rankine curve is well established within this 
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low-pressure range. This curve, for use with the Rankine cycle, 
was extended to the higher pressures by allowing for the ill effect 
of the extra moisture encountered as the pressure increases. It 
is drawn as a straight line with a slope that represents substan- 
tially the results as obtained by Baumann and others who have 
made this calculation. 

46 For curve B, the values were established in the following 
manner: Neglecting the throttling effect through the reheater and 
its piping, the extra superheat from the reheater was estimated to 
increase the efficiency of the A-curve from a value of 0.771 to 0.796 
at 400 Ib. and from 0.735 to 0.775 at 1200 lb. pressure. A straight 
line was then drawn through these two points, and from this line 
was subtracted the calculated reduction in efficiency due to throt- 
tling through the reheater and its piping. This loss of pressure 
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due to throttling was taken as 3 per cent of the reheating pressure 
for the piping and 5 lb. per sq. in. for the reheater. Table 2 
shows the method of estimating the change in efficiency caused 
by the loss of pressure during the entire reheating process. 

47 The values given in the last column are those used to give 
curve B of Fig. 20. This curve is intended to present consistent 
values ‘for the purpose of this study, and it is not intended 
to be used for power-plant design without further study. The 
reheater may, very naturally, be made to have either more or less 
pressure drop through it, and evidently the drop through the 
piping may be made almost anything desired from a consideration 
of cost. Furthermore, the reheating pressure may often be other 
than the 30 per cent of throttle pressure which was used in 
this table and in drawing curve B. As the reheating pressure is 
increased to values very much higher than 30 per cent of the 


TABLE 2 EFFECT OF THROTTLING IN CYCLE B 


ree Pressure Drop, ; Available Energy, Tyobeble 

gy sie es Ib. per sq. in. B.t.u. per lb. Eicioney, 

i) > 2) 

Baer. ,) 3 4 £ 

Eg 5 & > eo a 

So ~_ = oS > q ~~ 

Su Ss ea) = “a Ae te) 

so o S a $e Pes ~ u 

Swit ara! z 3 ) 6 es 

= bo = 4 a oo 28 2 eo 

= & am 4 re 6 BES S g 

8 — oO Ey B a Se ° a 

Fa 3 o-5 =) = 2 i ° S 3 

s o o 2 i) 3 ~ Ss 7 = 

a 3 Hie) a 3 & rs Bes 6 z 

ion H aH ica H ia AY & a 
1200 360 10.8 5 15.8 3.6 592.0 0.61 0.775 0.769 
800 240 7.2 5 12.2 4.3 579.7 0.74 0.786 0.779 
600 180 5.4 5 10.4 4.7 569.1 0.83 0.791 0.783 
400 120 3.6 5 8.6 5.8 549.9 1.06 0.796 0.785 
200 60 1.8 5 6.8 8.4 513.6 1.64 0.802 0.786 


throttle pressure, the ideal-cycle efficiency changes as shown 
by Fig. 8, and curve B of Fig. 20 approaches curve A. Or 
in other words, the reheating cycle becomes the Rankine when 
the reheating pressure becomes 100 per cent of the throttle 
pressure. 

48 On the other hand, if the reheating pressure is decreased a 
limited amount there will naturally be an improvement in the 
efficiency of the low-pressure sections of the turbine. Whether 
the economy of the turbine as a whole will be improved by this 
reduction of reheating pressure depends upon how much the heat 
to the exhaust has been increased relatively to the net change in 
stage efficiency of entire turbine. It is apparent, then, that the 
reheating pressure should be determined rather carefully when 
actual designs are under consideration. Attention is called to 
these details for the purpose of indicating that plants using differ- 
ent pressures may be expected to show considerable variation from 
curve B. It is also worth while to note how very serious is the 
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throttling loss in reheater equipment at the lower initial pressures 
as compared to the higher ones. 

49 For cycle C there is no efficiency curve drawn, as we shall 
very probably never see a plant built to operate on this cycle. 
The difficulties of approaching the isothermal expansion in the 
turbine appear at this time to make the first cost of such a machine 
very much more than is justified by the best possible expectations 
regarding its thermal economy. 

50 For curve D, or the one to be used with the regenerative 


TABLE 3 ESTIMATED TEMPERATURE OF FEEDWATER ENTERING 
ECONOMIZER IN REGENERATIVE PLANT WITH THROTTLE TEM-— 
PERATURE OF 700 DEG. FAHR, 


Throttle pressure, lb. per sq. in. a, 200 400 600 800 1000 1200 
Superheat at throttle, deg. fahr.. 318 255 213 181 155 132 
Entropy at throttle in ideal cycle. . 1.7239 1.6387 1.5839 1.5411 1.5039 1.4707 
Maximum temperature at beginning 

of bleeding in ideal cycle, deg. fahr. 235 299 346 386 422 457 


Energy available before bleeding 
ee in ideal cycle (f:), B.t.u. 


Tek ye mites ee ane eee om 214.2 J81.6 156.2 134.2 114.8 95.8 
Total available energy in ideal cycle 

(Bs)p Batu. per bi mecca 428.9 446.7 446.3 439.2 427.5 412.0 

Ratio; La/ Bop stave es ecereetetneeanre thee 0.50 0.41 0.35 0.31 0.27 0.23 


Probable increase in entropy to satu- 
ration point, actual turbine, per 


COME sais b.citalersysue thee oeteuetes iahocneesreieas Sheil 2.8 2.0 ei eel) 1.8 
Probable entropy at saturation point, 

actual turbine (0. tee ee 1.7773 1.6846 1.6235 1.5765 1.5347 1.4972 
Corresponding saturation tempera- 

tare, dego fain: - fission eee 201 236 311 353 392 430 
Corresponding saturation pressure, 

Ib: per sq: In..absicus eeco= ee ae L158 - 3723 (3-8 140 225 343 


Estimated pressure drop through 
valve and pipe to high-pressure 
heater, lb. per sq. in............. LS 3.9 5.9 7.0 8.0 8.8 


Estimated loss of temperature in 
actual plant compared to ideal, 
due to: 
(a) Reheating in turbine......... 34 36 35 33 30 27 
(b) Pressure drop through valve 
and pipe to high-pressure 
hedterovseskestetm teen 8 6 4 4 Zz 2 
(c) Temperature difference be- 
tween steam and water in 


high-pressure heater....... 5 5 5 5 5 5 
(d) Radiation loss in feed line. (Less than 0.5 deg. fahr.) 
Total estimated loss of temperature, 
Gegaviahrasieh x: feos creat = Wee 47 47 44 42 37 34 
Probable temperature of water to 
economizer, deg. fahr............ 188 252 302 344 385 423 


cycle, a value of 74 per cent is believed to be a fair one for a pres- 
sure of 400 lb., as it was obtained from careful calculations based 
upon actual guarantees. Through this point a straight line was 
drawn parallel to the one for the Rankine. This latter step is 
possibly somewhat unfair to plants designed to operate on this 
cycle at the higher pressures, as the regenerative feed-heating 
system may be expected to give feed temperatures which approach 
closer to their corresponding ideal maximum feed temperatures 
as we go to higher throttle pressures. This last statement is based 
upon two facts: First, for any given throttle temperature the 
higher the throttle pressure is, the less will be the reheating in any 
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given turbine before the saturation state is reached; secondly, 
the loss of available temperature head by reason of the throttling 
through the high-pressure bleeder valve and piping, will be con- 
siderably reduced because of the higher bleeder pressures used 
with the high throttle pressures. The magnitude of these factors 
is indicated by Table 3, which was calculated for the purpose of 
determining the probable feed temperatures. It should be noted 
that the use of a larger number of bleeder heaters is implied as the 


TABLE 4 ESTIMATED TEMPERATURE OF FEEDWATER ENTERING 
ECONOMIZER IN REHEATING-REGENERATIVE PLANT WIT 
THROTTLE TEMPERATURE OF 700 DEG. FAHR. : 


Throttle pressure, lb. per sq. in. abs. 200 400 600 800 1000 1200 
Reheating pressure, lb. per sq. in. abs. 80 160 240 320 400 480 
Maximum temperature at beginning 

of bleeding, ideal cycle, deg. fahr. 170.9 217.6 250.0 276.3 298.8 319.0 
Entropy at the end of reheating, 


AMOR CY ClO la rerecatae ae nie sicsste cis) asais 1.8294 1.7501 1.7022 1.6670 1.6387 1.6147 
Drop of pressure through heater, lb. 

POU SOAR oan Serie Saks wi a5cn 5.0 5.0 5.0 Ay 0) 5.0 5.0 
Drop of pressure through pipes (3 

per cent), Ib. per sq. in........... 2.4 4.8 7.2 9.6 12.0 14.4 
Total reheating pressure drop, lb.... 7.4 OP Sm aon omens se LiO)s tO. 4 


Entropy after throttling, reheater. . . 1.8409 1.7573 1.7079 1.6721 1.6437 1.6193 
Probable increase in entropy to satu- - 
ration point, actual turbine, per 


ODE IIs: < pytoct> levis atisw toler Sore 3.4 3.2 3.0 2.9 2.8 2.7 
Probable entropy at saturation point, 
actual turbine!) ib. 5.0 eee 1.9034 1.8134 1.7591 1.7206 1.6897 1.6629 
Corresponding saturation tempera- 
TUE PGCE TALK cere Cae en eee 134 180 212 237 259 279 
Corresponding saturation pressure, 
IDs DexSd. MID ADBs donee 2 6 tals se sys. 2.47 Gao) Aaa ie 23:6 3428 _ 48.5 


Estimated pressure drop through 
valve and pipe to high-pressure 
heater, Ib. perisq. insjac 2.26.5 ele 0.5 Bia2, 2.0 2.9 3.8 4.6 


Estimated loss of temperature in 
actual plant compared to ideal, 


due to: 
(a) Throttling in reheating sys- 

tem and reheating in tur- 

ine Wes dbs etal oe 37 38 38 39 40 40 
(b) Pressure drop through valve 

and pipe to high-pressure 

bleeder heater............ “fe 8 ie 7 6 6 
(c) Temperature difference be- 

tween steam and water in 


high-pressure heater....... 5 5 5 5 5 5 
(d) Radiation loss in feed line.... (Less than 0.5 deg. fahr.) 
Total estimated loss of temperature, 
Ger MhAbr ye carscincieine: he Aas ecole 50 51 50 §1 51 51 
Probable temperature of feedwater 
to economizer, deg. fahr.......... 121 167 200 225 248 268 


throttle pressure is increased. The number of bleeder heaters 
used for this study is given in Table 6. 

51 For curve E, or the one to be used with the reheating- 
regenerative cycle having a reheat pressure of 40 per cent of the 
throttle pressure, it seemed proper to base values upon both B 
and D, since this curve is to represent the degree of approach 
toward an ideal involving both reheating and regenerating. As 
the bleeding pressure for cycle E is necessarily lower than that for 
cycle D, each using the same throttle pressure, it naturally follows 
from what was discussed in the previous paragraph that the feed 
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temperature actually attained by a real plant following this cycle 
will not approach its corresponding ideal temperature as closely 
as in D, as is shown in Table 4. This difference was estimated to be 
sufficient to make a reduction of about 1 per cent in the engine 
efficiency. Curve E was therefore drawn at the same distance 
below curve B that D less 1 per cent is below A. Curve E is 
probably less reliable than any of the others, as it involves more 
complex relations and had to be drawn without any check point 
available from test. For reheating pressures much higher than 40 
per cent of the throttle pressure, curve E will approach D as its 
limiting case, which is for no reheating at all. The ideal cycle 
. efficiencies vary with the reheat pressure as shown in Fig. 13. 

52 No curve has been drawn to represent probable engine 
efficiencies of the group operating on cycle F, for the same reason 
as given for the omission of those relating to cycle C. 

53 Only cycles A and D were considered when estimating what 
may be expected with an initial temperature of 800 deg. fahr. It 
was assumed that a 100 per cent increase in the degree of superheat 
at the throttle would cause an increase of 2 per cent in the turbine 
efficiency. Increasing the throttle temperature from 700 deg. to 
800 deg. therefore means increasing the superheat from 318 deg. 
to 418 deg. or 31.5 per cent for a pressure of 200 lb., and from 
132 deg. to 232 deg. or 75.7 per cent for a pressure of 1200 lb. per 
sq. in. The corresponding increase in turbine efficiency would 
therefore be 0.6 per cent at 200 lb. and 1.5 per cent at 1200 lb. 
With these corrections applied for the two extremes of pressure, 
straight lines were then drawn as shown by the broken lines for 
cycles A and D at 800 deg. For cycles B and E the improvement 
in plant economy which may be expected by increasing the throttle 
temperature to 800 deg. would surely be less than for cycles A and 
D, but it does not seem worth while at this time to try to estimate 
values for these additional curves. 


CONDENSER SURFACE 


54 The flow of steam necessary to produce a gross output of 
30,000 kw. for each pressure and the four cycles, is shown in Table 
5. Using the notation there given, the flow of steam in pounds 
per hour, W; = 3413 X 30,000/Ea. The efficiency of the generator 
was assumed to be 97 per cent, and 1 per cent of the available 
energy was considered a fair value for the energy lost by radiation 
and to operate the turbine oil pumps. With these assumptions the 
heat to the condenser was calculated and the results are given in 
Table 5. 

55 The amount of cooling surface required for the condenser 
was based on a heat-transfer rate of 470 B.t.u. per sq. ft. of surface 
per hr. per deg. fahr. mean temperature difference. A fair mean 
temperature difference between the water and the steam was 
believed to be 15 deg. fahr. (See Table 5 and Fig. 21.) 
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AUXILIARY POWER 


56 The power required by the auxiliaries was estimated to be 
as given in Table 6. From this table may be found the values 
which were considered reasonable for the losses in the steam and 
feed lines. With these losses, and with the pump and motor 
efficiencies as given, the power required for the boiler-feed and 
hotwell pumps was found. The feed-pump efficiency was taken as 
70 per cent for all pressures. This value is probably too high 
rather than too low, but so long as it was used for each cycle the 
comparative results are not seriously affected. 

57 The power needed by the motors to operate the circulating 
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Condenser Surface, Thousands of Sq.Ft 


= 
Be 


200 400 600 800 1000 1200 
Throttle Pressure, Lb per Sq.In Abs 
Fig. 21 EstimaTep CONDENSER SURFACE FOR A 30,000-Kw. TurBINE 
(Throttle temperature, 700 deg. fahr. Exhaust pressure, 1 in. Hg abs.) 


pumps was determined by assuming a total friction head of 12 ft., 
a pump efficiency of 80 per cent, and a motor efficiency of 85 per 
cent. The power for the stokers and forced draft was taken pro- 
portional to the fuel burned. The power for the induced-draft 
fans was based upon the draft loss and the flow of gas which cor- 
responds to a boiler rating of 160 per cent. 

58 The calculations were made for the four cycles and the four 
pressures as indicated by the curves of Fig. 22, which show the 
power required by each auxiliary motor. These curves also show 
very clearly how the power required by the boiler-feed pumps rises 
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as the pressure is increased, and how this power goes up with the 
increased flow of water which is necessary with the regenerative 
cycles D and E, as compared with those in which there is no 
bleeding. In Fig. 23 may be seen the curves which show the 
power required by all of the auxiliaries for each of the four cycles 
and all pressures from 200 to 1200 lb. per sq. in. 


HEATING SURFACES 


59 For the purpose of this study it was believed that the best 
comparative results concerning the fuel consumption to be ex- 
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Fic. 22 Estimatep AUXILIARY PowER FOR BoILER AND CONDENSER 
Rooms 


pected in plants of the same general type, modified for the different 
pressures and cycles, would be obtained by keeping the boiler 
efficiency the same for all cases. A figure of 84 per cent was there- 
fore chosen as being a fair value to use when the plants are running 
at 100 per cent load with the boilers operating at 160 per cent 
rating. The coal was assumed to contain 12,300 B.t.u. per lb. as 
fired and 13.65 lb. of dry gas were assumed for each pound of coal 
as fired. The gases leaving the boiler were assumed to be main- 
tained at a temperature 140 deg. higher than the temperature of 
saturated steam corresponding to the boiler pressure. The heat 
transfer in the superheater and the reheater was assumed to be 
3700 B.t.u. per hr. per sq. ft. of surface for all the cases considered. 
For the economizer the heat transfer was assumed to be at the rate 
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of 5 B.t.u. per hr. per sq. ft. per deg. fahr. mean temperature 
difference. For the air preheater the heat-transfer rate was taken 
as 60 per cent of the rate used for the economizer, or 3 B.t.u. per 
sq. ft. per hr. per deg. fahr. mean temperature difference. With 
these assumptions the heating surfaces necessary to give 84 per 
cent efficiency at 160 per cent of rating are given in Table 7. 

60 The steam flow for the different cycles and the corresponding 
temperatures of the feedwater to the economizer are shown by 
the curves of Fig. 24. Mention should be made of the fact that for 
cycles A and B the feedwater should be heated to a higher tem- 
perature than 75 deg. before being fed to the economizer in order 
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Fie. 23 Estimatep Toran Auxintiary Powrr REQUIRED FOR A 
Gross TuRBO-GENERATOR Output or 30,000-Kw. 

This auxiliary power includes blowers, fans, stokers, feed pumps, circulating pumps, 
air pumps, and hotwell pumps. 
to prevent corrosion of the tubes. This heating could be done 
without much increase in cost, so the comparison of the several 
cycles as to cost of plant or thermal economy is not affected. 

61 The relative amounts of heating surface required for the 
boiler, economizer, superheater, reheater, and air heater are per- 
haps best indicated by the curves of Fig. 25. It will be noted that 
for the high pressures, both of the regenerative cycles require an 
air preheater in order to give an efficiency of 84 per cent. This is 
due, of course, to the high feedwater temperature as shown by 
the curves D and E of Fig. 24. For pressures less than 800 Ib. 
per sq. in. the use of preheaters is not so essential with the reheat- 
ing-regenerative cycle E as it is with D, which has no reheating. 
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STATION PIPING 


62 In selecting the proper size of steam mains to be used with 
the high pressures there is no very definite information available 
at the present time as to what steam velocity is best. There is 
also a great difference of opinion as to what constitutes the proper 
length of steam line from boilers to turbine in making an estimate 
of piping cost. 

63 The estimates given in this paper were based upon a general 
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arrangement which was laid down so that each turbine was normally 
supplied with steam from three boilers, suitable cross-connections 
being provided to take care of emergencies. Special effort was 
made to keep the general piping arrangement the same for each 
of the plants except as modified for the ones'using reheating. For 
the cycles (A and D) which have no reheating the length of steam 
line from boiler to turbine was taken as 200 ft. of main with 100 ft. 
of smaller size for the connections to the three boilers. For the 
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reheating cycles (B and E) the length of piping from the boiler to 
the turbine was taken as 150 ft., which is possibly too small, and 
450 ft. of a larger size for the reheating. In Table 8 will be found 
the detailed information concerning the size of pipe, wall thick- 
ness, and the corresponding steam velocities selected for the various 
pressures and cycles under consideration. It will be noted that 
standard sizes of outside diameter of the pipe have been adhered 
to. These sizes naturally give slightly illogical variations of steam 
velocity in a few cases. It is believed by the authors that as we 
go to the higher pressures the steam velocity should be somewhat 
reduced, and the values given in Table 8 will indicate how this 
idea has been carried out in this study. In the lower half of the 
table will be found the detailed estimates for the cost of the high- 
pressure piping. These estimates must naturally be considered 

320 
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Fic. 26 Estimatep Cost or Att StTaTIon PipInG (EXCEPT FOR 
Heaters) ror Hacw 30,000-Kw. Tursine anp Its THREE Borers 


as made up from information which is somewhat uncertain in so 
far as it relates to the cost of high-pressure valves and fittings. 
The table serves also to show that the modern steam plant of large 
size has so much piping which is not affected by the steam pressure, 
that even though the estimated cost of the high-pressure valves 
and fittings should be wrong to a considerable degree, the total 
cost of all station piping will not be seriously affected. 

64 The cost of bolts, gaskets, hangers, anchors, etc., as well as 
the total cost of labor for the main steam lines, was assumed to be 
the same for equal lengths of piping for all pressures. This was 
done because it was believed that, although the pipe sizes became 
smaller as the pressures increased, the increased difficulty in mak- 
ing tight joints and successfully hanging, guiding, and anchoring 
the piping under increased pressures, compensated for this fact. 

65 The cost of boiler-feed piping was based upon data obtained 
from an actual plant having a flow of 300,000 Ib. of water per hour. 


Cc. F. HIRSHFELD AND F. 0. ELLENWOOD 699 


For each of the plants here considered the cost was altered to agree 
with the flow expected and also to take care of the increased pres- 
sure. The cost of labor was assumed to increase at the rate of 
5 per cent for each 200-lb.-per-sq.-in. rise in pressure. It may be 
noted from Table 8 that the cost of the feedwater piping increased 
rather rapidly with the pressure. This is due to the fact that the 
pipe sizes remain nearly constant regardless of the pressure in- 
volved. All boiler-feed pumps were considered as motor-driven 
and no piping was figured for a house alternator, or in other words, 
the estimate does not include any steam piping for superheated 
steam to auxiliaries. This statement is not to be construed to 
mean that the authors believe that boiler-feed pumps should always 
be driven electrically, or house alternators eliminated. This method 
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Fie. 27 Estimatep RELATIVE Costs oF CENTRAL-STATION 
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was chosen as being the simplest and fairest one for the purpose of 
this study. 

66 The cost of the portion of the blow-off piping directly ex- 
posed to boiler pressure was estimated to vary with the pressure 
in the same ratio as the cost of the boiler-feed piping, and the 
basic unit costs were obtained from an actual plant. The cost 
of the section of blow-off piping between the last valve in the line 
and the atmospheric discharge was taken to be the same for all 
pressures. 

67 In the estimate of the cost of high-pressure drip and instru- 
ment piping, the unit costs were again obtained from an actual 
plant and increased with the pressure in the same ratio as the cost 
of boiler-feed piping. In estimating the total cost of all piping 
not affected by pressure, the values were taken the same for each 
pressure in each cycle. 
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First Cost or PLANT 


68 The cost of all station piping except that required for the 
extraction heaters has been discussed in the preceding section. 
The cost of the piping for the extraction heaters, which is less than 
3 per cent of the total station piping, has been included with the 
condenser cost, which was taken as proportional to the surface 
already given in Fig. 21. 

69 The cost of all equipment which is affected by the steam 
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pressure was determined and the corresponding index figures are 
given by the curves of Fig. 27. From these curves it may be noted 
that increasing the pressure from 200 to 1200 Ib. per sq. in. will 
increase the cost of this equipment about 30 per cent for any 
particular cycle. 

70 For the cost of auxiliary apparatus, the estimate was based 
upon motors large enough to operate the boilers at 300 per cent 
of rating. The circulating pumps were supplied with motors hav- 


ing a normal rating 20 per cent greater than the power calculated 
in Table 6. 
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71 The cost of the air heater was taken as $1.60 per sq. ft. of 
heating surface. This figure is intended to cover the cost of flues 
and all other expenses connected with the installation. 

72 If to the cost of equipment affected by steam pressure there 
is now added the cost of land, canals, railroads, foundations, build- 
ings, coal handling, miscellaneous mechanical equipment, and all 
electrical equipment except the generator, new index figures are 
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obtained as shown by Fig. 28. From these curves it would appear 
that the 1200-Ib. plant will cost only about 14 per cent more than 
the 200-Ib. one to operate on the same cycle. For many cases this 
increase in cost will be greater when the higher pressures are used, 
for the reason that some plants will have a higher portion of the 
total plant cost dependent upon pressure than was used in this 
study. It is also clear that the plant built to operate upon the 
Rankine cycle is appreciably lower in first cost than any of the 
others, and the reheating-regenerative plant is the most expen- 
sive throughout the entire range of pressures considered. 
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73 The cost of land, buildings, etc., was taken the same for 
each plant considered, but, due to the increase in the cost of equip- 
ment affected by pressure, this represents a decreasing percentage 
of the total plant investment as shown by the curves at the top 
of Fig. 29. These curves also show that in going from a pressure 
of 200 to 1200 lb. the investment in land, buildings, etc., varies 
from about 57 to 49 per cent of the total for nearly all of the cycles. 
Other curves of this figure indicate that, for pressures from 200 to 
1200 lb. per sq. in., respectively, the turbo-generators and boiler- 
room equipment, with feed pumps and motors, require from about 
31 to 38 per cent of the entire investment; the piping costs from 
about 7 to 9 per cent, and the condensers, heaters, and pumps with 
motors cost from about 5 to 4 per cent. 

74 The variation in the cost of turbo-generators and boilers 
is given only in the form of index figures, which represent the 
best average values which could be obtained from the information 
originally in the hands of the authors, combined with that pro- 
curable from the manufacturers of equipment. Few manufacturers 
have actually developed designs for the very high-pressure appa- 
ratus, and still fewer have built such equipment. As a result there 
is much uncertainty as to the proper values of the index figures 
for the high pressures, and it is also probable that they now carry 
development charges which will be amortized later. 


FurEL CONSUMPTION 


75 The coal consumption of plants operating under different 
conditions as to steam pressure and cycle, is of great interest to 
engineers at the present time. For the pressures and cycles con- 
sidered in this study the curves in Fig. 30 represent unbiased esti- 
mates which have been made in a manner that is believed to be 
reasonable. Time did not permit preparing diagrams in which loads 
less than 100 per cent would be considered. The general relation of 
the curves would, however, remain the same for all cases except 
those in which the stand-by losses are excessive. The term 
“capacity factor” as used in this study really means the station 
capacity factor, which is defined as the ratio of the gross station 
output in kilowatt-hours during a given time to the station ca- 
pacity in kilowatts multiplied by the number of hours in the period 
considered. 

76 From the curves in Fig. 30 it is easy to estimate the amount 
of money that may be saved in fuel by one type of plant relative 
to another in any given time provided the quality and cost of the 
fuel are known. For the pressures between 200 lb. and 400 lb. 
the plant operating on the Rankine cycle requires about 5 per 
cent more fuel than the others and this inferiority is worse at 
higher temperatures. For the higher pressures the application of 
the regenerative principle will save fuel, as may be clearly seen 
from the comparison of curves D and E with A and B. Attention 
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is called to the fact that the curves of Fig. 30 tie back to those of 
Fig. 20, which shows the engine efficiencies, and that in deriving 
the latter it was not assumed that any particular provision was 
made for extraction of water formed during expansion in the 
turbine. If it be assumed possible to extract such water, as, for 
example, by drainage to the heaters, the efficiency of the turbine 
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Capacity factor, 100 per cent; boiler efficiency, 84 per cent; throttle temperature, 
700 deg. fahr.; exhaust pressure, 1 in. Hg abs.; heating value of coal, 12,300 B.t.u. 
per lb. 


operating on the regenerative cycle will be improved and the fuel 
consumption of the plant will be less than that shown in Fig. 30. 
77 For pressures of less than 400 lb. per sq. in. it appears, from 
Fig. 30, to make but little difference what cycle other than the 
Rankine is chosen from the consideration of fuel alone. 
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78 For the conditions given in Fig. 30, it may be seen that a 
plant operating on the reheating-regenerative cycle at a pressure 
of 1200 lb. would only require about 79 per cent as much fuel as 
the one operating on the Rankine cycle at 200 lb., and for these 
same pressures the plant using the regenerative cycle would re- 
quire only about 80 per cent as much fuel as the Rankine. In both 
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Capacity factor, 100 per cent; boiler efficiency, 84 per cent; cost of coal, $5 or 
$8 per ton as indicated; cost of energy taken as 1.00 for the Rankine cycle at 200 lb. 
per sq. in. abs. 


cases no provision for water extraction has been assumed. These 
are important ratios requiring serious consideration for plants 
with loads that can justify the extra first cost that goes with such 
high pressure. 

79 It is worth while to note the striking similarity between 
the results indicated in Figs. 18 and 30. Comparison of the values 
shown in these two figures gives a ready means of determining the 
extent to which the relative fuel economy of real plants is affected 
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by the variation of the real machines from the ideal and the neces- 
sary use of auxiliary power, as both of these factors vary with 
different cycles. The plant with the reheating cycle is better 
than any of the others in both of these respects, i.e., it most nearly 
approaches its ideal, as may be seen from Figs. 20 and 23, but this 
superiority is not sufficient to overcome the better efficiency of the 
ideal regenerative cycles, shown by Fig. 18, except at pressures 
less than about 300 lb. per sq. in. and on the assumption that 
water is not drained during expansion. Above this pressure the 
great superiority of the ideal cycles involving the regenerative 
principle overcomes the extra energy losses encountered when 
trying to apply this principle in the real plant. 


ReLative Costs or ENERGY 


80 The amount of fuel burned to generate a unit of electrical 
energy at the switchboard of a modern central station is a large 
item in the total cost of this energy, but it is far from all, as the 
operating maintenance and fixed charges are very large. The 
curves of Fig. 31 show the relative costs of the energy delivered 
at the switchboard of the various types of plants under consid- 
eration in this study. The curves have been drawn so that the 
index figures all refer to the Rankine cycle with a pressure of 200 
lb. per sq. in. as the standard of comparison. The throttle tem- 
perature is assumed to be 700 deg. fahr. in all cases. 

81 From the curves of Fig. 31 it appears that with coal at 
$5 per ton the regenerative cycle is superior to the others for all 
pressures, but compared with the reheating-regenerative this 
superiority is very small for pressures above 800 lb. per sq. in. 
It is also clear from these curves that with five-dollar coal, pressures 
higher than 600 lb. are not so attractive as sometimes believed. 
As the capacity factor is decreased to values less than 100 per cent 
the high pressures are still less attractive. With coal costing $8 
per ton and with base-load conditions the best pressure would 
appear to be near 1000 lb. per sq. in., and for these conditions 
the regenerative and the reheating-regenerative are the best cycles, 
except for pressures less than 400 Ib. per sq. in. 


TuRBINE Room Economy 


82 The curves shown in Fig. 32 have been drawn for those 
primarily interested in the economy of the equipment in the 
turbine room as contrasted with the plant as a whole. This 
figure shows the effect of steam pressure and cycle on the thermal 
efficiency of the turbo-generator, the heat supplied to the turbine 
being measured above the temperature of the feedwater to the 
economizer in each case. This thermal efficiency is equal to the 
ideal cycle efficiency from Fig. 18, multiplied by the engine effi- 
ciency, from Fig. 20. Fig. 32 shows a thermal efficiency very 
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close to 34 per cent at 1200 Ib. per sq. in. for both the regenerative 
and the reheating cycles, the corresponding heat supplied to the 
turbine by the steam generating equipment being in the neighbor- 
hood of 10,000 B.t.u. per kw. hr. 

83 While it is true that the turbine alone is not chargeable 
with all of the losses, as given by Tables 3 and 4, it is most con- 
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Throttle temperature, 700 deg. fahr.; exhaust pressure, 1 in. Hg abs.; generator 
efficiency, 97 per cent. 
venient in a study of this kind as in many other cases, to use one 
efficiency to express the direct relation between the efficiency of 
the ideal cycle and thermal efficiency of the real turbo-generator 
group, with its heat supply measured above the temperature of 
the feedwater to the economizer. The same sort of question is 
involved in the discussion as to whether the supply to a turbine 
operating on the Rankine cycle should be measured above the 
temperature in the hot well or above feedwater temperature 
corresponding to the pressure in the exhaust nozzle. For the 
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Rankine cycle this difference is not large but in case of the regener- 
ative cycles it is very appreciable. The comparison will be fair 
for the different plants so long as one method is followed through- 
out the discussion. 


OPERATING CHARACTERISTICS 


84 For all plants there is some definite limit of initial expendi- 
ture and degree of complication beyond which one is not justified 
‘in going for the purpose of obtaining fuel economy. This limit 
varies with local conditions to such an extent that no fixed and 
universal rule can be predicated. However, it is almost axiomatic 
that that plant which will achieve a certain thermal efficiency with 
the minimum initial expenditure, minimum complication, and 
minimum danger of breakdown or disarrangement of parts is the 
most desirable under any conditions. 

85 Experience with high-pressure equipment and with auxiliary 
apparatus which the use of high-pressure steam appears to involve 
is as yet exceedingly limited. No one is today really in position to 
say positively that the high-pressure equipment now coming into 
use will operate with that smoothness and certainty required to 
justify its use for the sake of the increased thermal efficiency 
obtainable. Under such conditions it would seem to be best to 
use first the simplest types and to progress toward the more com- 
plicated if further experience indicates such progress to be desirable. 
From such a point of view the simple Rankine cycle would be 
best if it gave sufficient promise of increased efficiency with in- 
creased pressure. Unfortunately it does not, and it is therefore 
necessary to consider a more complicated cycle of operation. 
Our present knowledge indicates two choices, that involving 
regenerative heating only and that involving reheating with or 
without regeneration. 

86 ‘Of the two, the regenerative cycle is unquestionably the 
simpler, and in fact it is hardly more complicated than the Rankine 
now in use. All additional equipment involved is of well-tried 
types, is operated at comparatively low temperature and probably 
at low pressure, and it introduces few operating complications. 
No additional functions are required of the governor, this mech- 
anism operating exactly as it would with a simple Rankine 
cycle. 

"87 Attention is called to the fact that it is necessary to pro- 
vide against runaway through vaporization of hot water contained 
in stage heaters. Several methods of doing this have been evolved 
and no great degree of complication is introduced. 

88 In contrast to this, the reheating cycle involves the use of 
a reheater with connecting piping and provision against runaway 
caused by the large steam content of the reheating system. As 
developed to date, this requires additional features in the governor 
mechanism and therefore additional complications. There do not 
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appear to be any insurmountable difficulties, but it is certain that 
operation will be more complicated for an equal degree of reliability. 

89 It seems probable that the reheater will in most cases be 
located in the boiler or boilers, involving the return of medium- 
pressure or low-pressure steam to the boiler room and back again 
to the turbine. When the difficulty experienced in obtaining a 
satisfactory disposition of high-pressure steam piping in a modern 
station is considered, it does not appear that two additional pipes 
of larger diameter can be included without radical modification 
of design or of our ideas with regard to desirable clearances, ease 
of access, etc. 

90 In this connection it is interesting to note that one possible 
solution of this problem which would seem to reduce the complica- 
tions has been suggested. This suggestion is based on the assump- 
tion that little. if any difficulty would be experienced in superheating 
steam initially to a temperature about one hundred degrees higher 
than the value desired at the turbine throttle. It is therefore 
proposed to pass such highly superheated steam through a re- 
heater located at the turbine, utilizing its excess superheat to 
reheat steam withdrawn from the turbine. A reheater of this 
type would certainly be large because of the comparatively low 
temperature head and the low transmission coefficient to be ex- 
pected, but its use would unquestionably simplify the piping and 
probably the governor problem: 

91 With the highest pressures discussed it would appear that 
the reheating feature should be combined with the regenerative to 
obtain an efficiency better than the simple regenerative, so that 
the combination must without doubt be more complicated both in 
design and operation than the simple regenerative system. 

92 The use of superheated steam in the low-pressure part. of 
the turbine also adds complications. Steel casings must be used, 
thus adding to the cost. High-temperature and variable-tempera- 
ture problems are introduced at two points instead of at one 
point in each unit. 

93 Viewing the reheating in this way it would seem that 
efforts directed toward the perfection of equipment for getting 
the most out of the regenerative cycle promise the largest return 
in early development, low cost, operating simplicity, and thermal 
economy. 


POSSIBILITIBS AND PROBABILITIES 


94 Considering all of the factors which enter into the problem, 
is seems to the authors that the high-pressure regenerative plant 
is the most promising for commercial development. It is certainly 
true that the performance here estimated for such a plant can be 
further improved by using a turbine designed to separate and re- 
move water formed during expansion. Some of the designs now 
available provide for such drainage at the bleeder points to a 
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certain extent, but it seems probable that the best results cannot 
be attained unless effective moisture separators are actually built 
into the turbine structure. 

95 Granting, for the sake of argument, that such machines can 
be built, we should have available a plant capable of giving better 
economy than indicated for the reheating-regenerative type. More- 
over it would have certain additional advantages in comparison 
with the latter. The quantity of steam passing through the low- 
pressure stages for a given electrical output would be less and the 
condenser smaller. The complications in design and operation 
resulting from the necessity of using reheaters would be avoided 
also. 

96 The cost of stage heaters and their connections has been 
the subject of adverse comment by several engineers who have 
considered regenerative designs. This cost standing by itself looks 
large, but when credit is taken for the decreased size of the con- 
denser the situation does not look so serious. In effect the stage 
heater is merely condenser surface which has been removed from 
its customary position. Moreover the use of such heaters makes 
it possible to modify the turbine design so as to use a smaller low- 
pressure end with a given high-pressure end, or, a larger high- 
pressure end with a given low-pressure end, thus obtaining obvious 
additional advantages. 

97 Further, these stage heaters have thus far been constructed 
only in the surface type, that is, as surface heaters or condensers. 
There is the possibility of further reduction in cost by the use 
of contact heaters of some sort, for example, jet condensers, eductor 
condensers, and the like. It seems probable that such devices 
might be used at the higher-pressure points, and particularly if 
bleeding is carried into the superheated field. 

98 It is essential to note that economizers become of less value 
with the regenerative cycle as the initial steam pressure is increased. 
This naturally follows from the increasing temperature of feedwater 
leaving the regenerative heaters. The high turbine-room efficiency 
is therefore obtained to a certain extent at the expense of boiler- 
room possibilities, and this suggests immediately that air heaters 
be used with such plant to conserve waste heat not available for 
use in economizers fed with high-temperature water. 

99 It is obvious that it will be necessary to heat the air in 
such devices to temperatures from 100 to 200 deg. fahr. above 
normal air temperature if full conservation of waste heat is to be 
made. The effect of such high air temperatures on stokers, arches, 
furnace walls, and slagging of tubes is practically unknown, but 
the authors believe that no insurmountable difficulties will be 
presented. This belief is based upon fragmentary experiences 
which, when taken together, make a fairly strong case for the suc- 
cessful use of the air heater under the conditions that are nec- 
essary to obtain the best results with high-pressure regenerative 
cycles. 
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GENERAL CONCLUSIONS 


101 The studies outlined in this paper, together with others 
with which the authors are familiar, indicate plainly that the im- 
provement in economic results to be expected from the use of 
higher steam pressures in plants designed to take full advantage 
of the possibilities latent in the use of such pressures are sufficiently 
great to make it appear quite probable that the more progressive 
engineers and executives will construct plants of this character in 
ever-increasing numbers. : 

102 It must be recognized that high-pressure equipment neces- 
sarily carries high development charges at the present time, and 
that this fact, coupled with uncertainty with respect to the per- 
formance of equipment of untried types, must to a certain extent 
retard its adoption. It is therefore to be expected that higher 
pressures will be adopted first and more frequently in connection 
with plants of the base-load type and in regions in which fuel costs 
are high. 

103 The authors feel that steam pressures of the order discussed 
in this paper should no longer be regarded as of theoretical interest 
only. Most of the major problems involved in the design and 
arrangement of equipment for utilizing such pressures have been 
solved or are nearing what appear to be satisfactory solutions, 
and it is believed that careful engineers who are thoroughly fa- 
miliar with the peculiar features involved in this sort of work can 
safely install equipment for even the highest pressures here con- 
sidered when the circumstances and conditions of use justify such 
installations. 

104 Certain of the factors in this paper have been calculated 
for maximum temperatures of both 700 and 800 deg. fahr. The 
authors feel that calculations for 800 deg. fahr. are at the present 
time of minor interest, as they do not believe that materials and 
designs now available may be considered adequately safe for use 
with such temperatures. It is exceedingly difficult to state cate- 
gorically any definite upper limit of temperature, but it is felt that 
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a figure between 700 and 750 deg. fahr. represents the safest upper 
limit of steam temperature at the present time. 

105 The authors believe that this study indicates that even 
with the present type of turbine the regenerative cycle is the best 
one to use in large stations, as it ranks very high from the stand- 
point of fuel consumption, operating characteristics, and first 
cost throughout the entire range of pressures, but particularly so 
at the higher ones. With a turbine which the authors believe 
can be developed so as to remove the moisture to a considerable 
degree, this cycle will give still better economy, and it seems al- 
together reasonable to expect that this equipment in the turbine 
room, combined with that now developed to yield high boiler-room 
efficiency, will give station economy that will pay handsomely 
for the increased investment. 


NOTE REGARDING APPENDICES 


Appendix No. 1, comprising Tables 9 to 17, inclusive, which present 
detailed calculations for the various cycles, and Appendix No. 2, a bibli- 
ography of material published since 1917, are not published in this volume. 
Copies are on file at the Society headquarters and will be loaned upon 
request. 
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ECONOMY CHARACTERISTICS OF 
STAGE FEEDWATER HEAT- 
ING BY EXTRACTION 


PRACTICAL COMPUTATION AND MAXIMUM REALIZA- 
TION OF EXTRACTION GAINS FOR POWER 
PLANTS OF PRESENT TREND IN DESIGN’ 


By E. H. Brown,? Miuwavuxes, Wis. 
Member of the Society 
and 
M. K. Drewry,? MitwavuKker, WIs. 
Non-Member 


Feedwater heating by extraction from the main unit, becoming 
increasingly important with rising steam pressures, complicates the 
computation of heat balance. The authors point out the influence 
of each possible factor in the computations, present a practical 
method for computing extraction cycles, and deal with various 
factors affecting turbine-room economy, these being more par- 
ticularly enumerated in the first three paragraphs of the paper. 


W HEN one realizes that comptometers are displacing slide 
_ rules for power-plant calculations, that nearly every heat 
unit is being accounted for, and that resultant power units are 
no less immune in the ever-growing crusade for maximum 
economy, then he appreciates that present power-plant require- 
ments demand the nearly perfect agreement between theory and 
practice which unfortunately has been so long in attainment. 
2 Feedwater heating by extraction from the main unit, be- 
coming increasingly important for both thermodynamic and 
practical reasons with rising steam pressures, complicates the 
computation of heat balance. An error of 0.5 per cent in over- 
all plant economy may easily be occasioned by a single incorrect 
assumption or omission due to lack of understanding in the 
extraction characteristics of steam turbines. To point out the 
influence of each possible variable in the computations and finally 


1 For discussion and closure see pp. 766 and 812. 
2 Steam Turbine Dept., Allis-Chalmers Mfg. Co. 
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to illustrate a comprehensive though not tedious method for their 
allowance, is the first purpose of this paper. 

3 Where heaters can be most efficiently placed thermodynami- 
cally, how their number and the temperature to which they work 
influence turbine-room economy, to what extent auxiliary equip- 
ment limits the gains acquired by extraction heating, how the 
type of turbine employed affects the same benefits, and how 
other factors affect turbine-room economy, were ascertained by 
accurate computations using the method mentioned, taking into 
account all conditions as they actually exist in representative 
installations, and are submitted in the second portion of the 
discussion. Turbine-room variables and approximations alone 
have been attacked, and it is hoped that boiler-room computa- 
tions may be similarly approached so that the average power- 
plant designer or operator, aided only by manufacturers’ guaran- 
tees and an elementary knowledge of thermodynamics, may ac- 
curately compute a representative heat balance for any instal- 
lation. 


I— PRACTICAL COMPUTATION OF EXTRACTION CYCLES 


4 Neglecting generator and mechanical losses when computing 
heat consumption in extraction feed-heating systems may result 
in an error of 0.5 per cent in overall turbine-room economy; 
ignoring the change in stage efficiencies may amount to nearly 
the same error; or assuming no terminal difference at the heaters 
nor moderate pressure drops to them or at the extraction noz- 
zles may cause errors of 0.6 per cent and 0.1 per cent each, 
respectively. Taking into account flashing of the drained con- 
densate from heater to heater, as actually occurs, may preclude 
the occurrence of an error of $ per cent, and using manufacturers’ 
guarantees instead of handbook values gives results 0.3 per cent 
nearer the correct value per 5 per cent error in steam rates 
when computing the net benefits of extraction. 

5 All of these possible errors, obtained by computation of 
typical cycles, illustrate the necessity of understanding turbine- 
extraction and stage-heating characteristics when calculating feed- 
water-heating cycles. To make clear the principles used in this 
paper and in the method which it offers, a short illustrated dis- 
cussion of the simple straight-line characteristics of turbines, 
telling of the relation of inlet and nozzle pressures and tempera- 
tures to total steam extracted and to load carried, has been in- 
cluded and may be found in a later section. 


Mernop or Computtina Cycites OvurLINnep 


6 Much has been published of the benefits of feedwater heat- 
ing by stage extraction, but comparatively little has been written 
of how those benefits are computed. Since installations in dif- 
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ferent power stations are rarely identical, the necessity of cal- 
culating cycles for each plant is imperative if accurate results 
are to be expected. A comprehensive method, utilizing no gross 
approximations, which may apply at one plant and not at another, 
but which, nevertheless, must be simple, conducive of mathe- 
matical accuracy, and adaptable to all types of cycles, is needed. 

7 A method developed in the offices of the company with 
which the authors are associated is thought to possess these 
qualifications. It has not been made empirical for the sake of 
brevity; it attacks all details of the problem and aims to attain 
simplicity and accuracy only by convenient and logical arrange- 
ment of the calculations. 

8 Only three fundamental processes are necessary in com- 
puting feedwater-heating economies. They are: 


a Determination of the heating value of the extracted 
steam 

6 Computation of the amount to extract 

ce Determination of the effect of extraction upon output 
and, consequently, upon economy. 


9 Finding the heating value of the extracted steam and its 
effect in decreasing output (if no additional throttle steam is 
supplied) involves the use of an all-important tool in this work 
— the turbine expansion line as drawn upon a standard Mollier 
chart. From this simple line can be read directly the tempera- 
ture, quality, total heat, and work done at any pressure in the 
machine and at any fractional load with an accuracy comparable 
to test accuracy. 

10 Once the expansion line is obtained, feed-heating calcula- 
tions are a matter of simple arithmetic, but the determination 
of this graph from the manufacturers’ guarantees is more com- 
plex. ‘The illustrative tabular form accompanying the method 
later described itemizes the calculations which must be performed, 
and a later paragraph tells in detail, for the benefit of those not 
closely acquainted with turbine practice, how stage efficiencies in 
various types of machines are varied. Fig. 1 shows typical ex- 
pansion lines of a 20,000-kw. straight-reaction unit, upon which 
all computations in this paper are based. 


Errect or GENERATOR AND MecHanicaL Losses Upon 
Computep Heat ConsuMPTION 


11 Since the turbine expansion line, as drawn upon a Mollier 
chart, is the basic tool with which the calculator of extraction 
economies works, its determination with fair accuracy is impor- 
tant. 

12 The expansion line represents conditions as they occur 
inside the turbine casing; it is concerned with generator efficien- 
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Fig. 1 Tursine Expansion Lines, Basis oF EXTRACTION 
CALCULATIONS 


From these easily drawn lines, data for which are taken from the manufacturer’s 
guarantees, may be read directly the quality, temperature, total heat or work done 
for steam extracted at any pressure, with accuracy comparable to test accuracy. 

All computations in this paper were based upon the above lines, representing the 


expansion at nominal loads of a 20,000-kw. straight-reaction turbine. 
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cies and mechanical losses only so far as they furnish a means 
of correcting manufacturers’ guarantees to give the “internal ” 
efficiencies and conditions. Obviously to charge the exhaust steam 
with greater heat than it actually possesses because generator or . 
bearing losses are not taken into consideration, is a gross error. 
13 Generator efficiencies form the greater portion of external 
losses, and if not determined from the manufacturers’ guarantees 
must be estimated before the turbine expansion line can be 
drawn. Economics should determine an expression for the elec- 
trical efficiency of various-sized units, but unfortunately no 
simple relation can be derived which will accurately express 
generator losses as a functon of capacity, load, and speed. Omit- 
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Fic. 2 DrcrEASE IN TURBINE LEAvING Loss EFrFrEcTED BY 
EXTRACTION 


Extfaction of steam helps combat the factor which has greatest influence in limit- 
ing present specific capacities. Leaving velocities through exhaust blading are re- 
duced when the amount of steam passing them is decreased by extraction. 


ting speed and other variables, the efficiencies at fractional loads 
of representative-sized generators used in extraction feed-heating 
installations are approximately represented by the empirical 
equation: 


0.055 Rating 
Efficiency = 0.98 — -—~————_ X Fag _ 
/ Kw. Rating 08: 
~ 1000 


Equipment supplied by different manufacturers may vary one per 
cent in efficiency, but as will be shown later, an error of that 
magnitude results in an inconsiderable error when computing 
extraction heat consumption. 
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14. Mechanical losses, which include bearing friction and 
gland and pump resistance, vary, as do electrical losses, as some 
odd function of the size of the unit. A rough rule of thumb 
which may be used for feedwater-heating calculations states that 
mechanical losses in percentage of normal rating equal 

40 


Kw. Rating 
1000 


For a 3000-kw. machine the losses computed by this formula 
aggregate about 2 per cent of the normal rating; for a 30,000-kw. 
unit they total 0.7 per cent. In any event the absolute error in 
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Fic. 3 Error Causep By Ustna Incorrect Typr oF EXPANSION ~ 
LINES 


The use of straight unbroken expansion lines in computing a representative one- 
heater cycle for various final feedwater temperatures instead of the correct type for 
straight reaction machines resulted in errors shown in the above curve. The straight 
expansion lines show higher heat consumptions than do the broken ones. i 


finding these small friction quantities is trifling, and when ap- 
pled to extraction calculations the possible discrepancy will be 
diminished to minute amounts. 


Use or Non-Extraction Expansion LINES 
To DETERMINE EXTRACTION Data 


15 As previously stated, expansion lines are drawn from 
manufacturers’ guarantees, though these performances represent 
non-extraction operation. The application is not strictly correct; 
however, it causes an error which is probably not discoverable 
by even extremely accurate computation. As shown in Fig. 5, 
curves 5, 6, and 7, the expansion lines of both types of operation 
are essentially of identical form, differing only in efficiency for 
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the case of machines proportioned for extraction (expansion lines 
6 and 7) and in efficiency, position, and length for machines not 
previously so proportioned by the manufacturer (expansion lines 
5 and 7). The discrepancy in final heat consumption would be 
caused by the very slight change in efficiency ratio due to the 
small change in velocity ratio, leaving loss, and vacuum, and, to 
continue consideration of fine details, to the lack of parallelism of 
vacuum and higher-pressure lines of the Mollier chart. Since 
studies discussed under the next topic show only qs per 
cent error in heat consumption due to 1 per cent error in the 
estimated efficiency ratio used when drawing expansion lines, 
no practical difference in total heats or temperatures taken from 
them at any pressure is worth consideration. 
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Linge WHEN ComputTinc Two-HraterR CYCLES 


A two-heater cycle, heating to 210 deg. fahr. at most economical load computed 
with data obtained from broken and straight expansion lines showed the above dif- 
ferences in heat consumptions. Economies computed from the broken expansion 
line are better. 


16 At present, when the manufacturer is asked to supply 
estimates upon an extraction installation, he gives non-extraction 
steam rates upon a machine which is necessarily of smaller tur- 
bine capacity than the machine which he would finally provide. 
For a given unit the most economical load position, which is 
determined by the amount of steam that can be passed through 
the machine without admitting steam at lower stages or opening 
up additional nozzles, differs when extracting various, amounts 
of steam, and as a result the manufacturer must estimate upon a 
fictitious unit in order that his guarantees may be representative 
of consumptions under actual extraction operation and that the 
most economical load point may occur at the specified load, 
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Fig. 5 Various Typrs oF Expansion LINES 


Line 1 — Test characteristics of the straight reaction-type turbine. 

Line 2 — Easily drawn straight-line expansion approximating line 1, by showing 
10 per cent greater efficiency in superheat field than in saturated field, gives data of 
high accuracy for feedwater-heating calculations. 

Line 3— Estimated expansion line of a combination velocity-compounded im- 
pulse and reaction turbine. 

Line 4— Approximate expansion in a straight impulse machine, velocity-com- 
pounded in high-pressure blading and pressure-compounded in exhaust. 

Line 5 — Half-load expansion when extracting 15 per cent steam from a straight 
reaction turbine not previously proportioned by the manufacturer for extraction. 
Inlet pressure has been increased 10 lb. above the normal non-extraction value. 
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Line 6 — Half-load expansion when extracting steam from a unit proportioned 
by the manufacturer for the given percentage of extraction. Inlet pressure is identical 
with the value upon which the guarantees are based. 

Poiine 7. — Expansion line when not extracting. Separation from line 6 near exhaust 
is due to decrease in leaving losses resulting from extraction. 


Therefore expansion lines based upon such steam rates are 
identical in position and length for both extraction and non- 
extraction operations. 

17 Machines not proportioned for extraction, to carry a given 
load when extracting, must have greater inlet pressure than the 
designed values, for greater weights of steam must be passed 
at that load. Common practice states that for every pound ex- 
tracted a given fraction of a pound must be added at the throttle, 
but at best the rule is a gross approximation if applied indis- 
criminately to all nozzles. The expansion line for extraction 
operation of a unit not designed for extraction is represented by 
line 5, Fig. 5. Apparently the line differs from the non-extraction 
one only in position and length, and though practically it does 
not change the accuracy of the data which it furnishes, it does 
represent a change in the output for a given amount of steam. 
In the method of computing entire cycles later described, the 
method of allowing for this effect upon output will be indicated. 

18 Extracting steam at large loads decreases leaving losses 
from the exhaust blading, fot less steam passes through the last 
rows — with consequent lower velocities. Fig. 2 gives an approxi- 
mate indication of the effect in decreasing leaving loss upon 
efficiency of average units, and, of course, can be used only if 
the non-extraction leaving losses of the unit in question are 
known. Good practice in large installations requires less than 
two per cent leaving loss at full load and 1.5 per cent at most 
economical load, though at 100 per cent power-factor overloads 
or in small units exhausting into high vacuums this percentage 
should be raised considerably. 

19 A secondary effect of decreasing exhaust steam by ex- 
‘traction is the slight increase in vacuum resulting when less 
exhaust heat is absorbed by constant quantities of cooling water 
and at constant temperatures. The economy will vary con- 
siderably with different installations, and only the use of vacuum- 
correction curves for the particular turbine and vacuum-versus- 
total-steam curves for the condenser, which may be obtained 
from the manufacturer, will indicate the results. For an average 
installation the decrease in heat consumption due to increase in 
vacuum resulting from extraction is estimated at 0.25 per cent. 
Another and probably better method of estimating the gain 
due to having less steam pass to the condenser, is to consider 
the decrease in cost of providing a smaller condenser. On a 
cost basis the economy is 3 per cent of the initial condenser 
purchase price for typical equipment and extraction practice. 
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INFLUENCE or Stace ErricieNcy AS REPRESENTED 
BY THE EXPANSION LINE UPON ACCURACY 
oF FrerepwatER-HEATING CALCULATIONS 


20 That the easily drawn straight-line expansion line, broken 
to represent approximate relative efficiencies of the high- and 
low-pressure stages, is fully accurate enough for the most exact- 
ing of feedwater-heating calculations, has been definitely demon- 
strated by a considerable number of comparative computations. 

21 To magnify the results and to test for agreement over all 
ranges of efficiencies, theoretical and practical, broken lines with 
efficiencies from 90 per cent to 65 per cent were drawn and 
representative cycles worked with the data from each. Later, 
straight and broken expansion lines were compared, with results 
as shown by Figs. 3 and 4. 

22 Comparison of straight unbroken lines with the more 
nearly approximate broken lines shows a maximum discrepancy 
of 0.45 per cent in the final computed heat consumption. Fig. 3 
represents the errors at various positions of a single heater, com- 
puted for most economical load conditions, and Fig. 4 shows the 
maximum discrepancy in working up a more typical cycle of two 
heaters to be 0.825 per cent. Though inspection of the expan- 
sion lines in Fig. 5 will show a wide difference in the two types 
of curves, the above percentage differences resulting from their 
use are of a small order. They are large enough, however, to 
warrant the additional trouble of drawing the broken expansion 
lines, though assuredly not of drawing the curved expansion lines. 
Thus, provided the overall efficiency of the unit is correctly 
known, feedwater-heating data can be obtained with an accuracy 
commensurate with the general accuracy of engineering 
calculations. 

23 Error in estimating the overall efficiency of the unit when 
drawing expansion lines results in a maximum extraction-gain 
error due to inaccuracy of heating calculations of = of one 
per cent per 1 per cent error in efficiency ratio. The error de- 
creases to =, per cent as the efficiency ratio decreases from 90 
per cent to 65 per cent. The importance of correcting the manu- 
facturers’ guarantees for bearing friction, and of knowing gener- 
ator efficiencies accurately, is therefore not great, and either 
values may be estimated if extreme accuracy is not desired. 
Both corrections, however, are quite accurately made in obtaining 
internal efficiencies by the method later demonstrated. 


Errect or.Nrecuectinc Pressure Drop in TurBins Dur 
TO EXTRACTION AND TO Drop IN Piprna To HEATER 


24 Pressure drops decrease saturation temperatures and 
therefore, when occurring at the high-pressure heater of a given 
system, are particularly influential upon economy since they de- 


E. H. BROWN AND M. K. DREWRY 723 


crease the final temperature to which the feedwater may be 
heated. 

25 Ignoring the drop at the turbine nozzle due to extraction 
when computing a two-heater cycle heating to 210 deg. fahr. at 
the most economical load, causes errors of 0.06 per cent, 0.07 
per cent, and 0.1 per cent at %, %4, and most economical 
loads, respectively. These values correspond roughly to a 5 
per cent drop in pressure, and can be applied in case of drops 
through pipe lines to heaters. In both cases the’ computed heat 
consumption is too small if the drops are not considered. 


Error IN NeGuectinc FLASHING oF DRAINED CoNDENSATE 


26 Flashing of drained condensate from one heater into the 
hotwell of the next lower one of course involves a thermodynamic 
loss, but reliability, investment, and operating considerations do 


SMALL SIZE 
AR VENT PIPE 


SMALL SITE ¢| 
AIR VENT PIPEllco, 


Fic. 6 Frow Diacram or A SimpLte Two-Hn&ater System 


Computation of feedwater cycles is clarified and expedited by use of sketches 
allowing the computer to visualize all processes in the cycle. 


not favor the installation of additional pumps to discharge the 
drained condensate from each heater into the feedwater line above 
that heater. Computations show flash loss as follows: For a 
two-heater cycle heating to 210 deg., 0.03 per cent; three heaters 
to 240 deg. fahr. and 280 deg. fahr., 0.07 per cent and 0.20 per- 
cent, respectively; and four heaters to 280 deg., 0.095 per cent. 
Allotting the greatest share of the heating load to the low- 
pressure heater and increasing the number of heaters tend to 
minimize flash losses. 

27 In determining the heat available in the extracted steam 
to heat feedwater its total heat minus the heat of the liquid 
at the particular heater pressure is the correct value. More of 
its heat is later available in the hotwells of succeeding heaters as 
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may be realized by inspection of Fig. 6, but computation of this 
amount should be made in flash calculations. 


Deraits or AutHors’ MretHop or CompuTiINa Cycles 


28 Based upon the initial assumption that non-extraction total 
steam is passing through the turbine, the method considers the 
effect, of extraction upon output and then later adjusts the results 
to full extraction operation at the even fractional loads. It may 
be considered as an estimate of temperatures, pressures, and 
quantities which would occur at every point of the cycle were 
tests made upon the turbine and its auxiliaries, first at normal 
loads with its extraction nozzles closed, then at decreased loads 
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Fig. 8 RepucTion oF EXTRACTION STEAM RaTES AT DECREASED 
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The method developed through considerable use in the offices of the company 
with which the authors are associated first considers extraction operation at loads 
reduced because of extraction and later solves, with the use of the above curve, for 
full nominal-load values. 


after the nozzles are opened, and finally at full loads again while 
still operating extracting. 

29 As shown in the sample computed cycle, Fig. 7, the cal- 
culations are tabular, the first part being devoted to straight 
non-extracting operation and the latter to extraction. The func- 
tion of the entries in the columns will now be explained. 

30 Non-extraction operation is useful in indicating the heating 
value of the extracted steam and the effect of its extraction upon 
output. Items 1 to 8 and item 12 give data for drawing ex- 
pansion lines, for they determine exhaust and inlet points, which, 
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when properly plotted and connected upon a Mollier chart, result 
In a curve telling the pressure, temperature, quality or super- 
heat, and total heat of the steam at any point in the machine. 
Exhaust total heat is plotted on the 1-in. absolute-pressure line, 
the vacuum in this problem being 29 in., and inlet pressure is 
plotted upon the 1356.5-B.t.u. total-heat line. 

31 Tests, supported by thermodynamic analysis, have shown 
straight reaction-type turbines to have 10 per cent greater effi- 
ciency in the superheat field than in the saturated area. To 
represent these test conditions a broken line connecting the inlet 
and exhaust points, and changing direction at the saturation line, 
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Fic. 9 IN LET-PRESSURE CHARACTERISTICS OF A TURBINE 


_ Even reaction-type machines behave much as large orifices. Total steam passed 
is always proportional to inlet pressure. 


serves‘very well. Actually the line should be curved, as shown 
in the figure, but such refinements for extraction calculations are 
unnecessary. 

32 To draw lines representing the stated difference in eff- 
ciency ratio requires cut-and-try approximations until the 
correct values are reached. For the initial trial, step off to the 
left of a straight line connecting inlet and exhaust points about 
an inch (on the full-sized Mollier chart)* on the saturation 
curve, and through that point draw a temporary broken expan- 
sion line. The stage efficiency represented by each part of the 
line equals the work actually done in each stage (AB’ and DC’, 
respectively, in Fig. 5) divided by the work possible in a perfect 
turbine, represented by AB and DC, respectively. When the 
ratio of these two efficiencies equals 1.10, as in the figure shown, 
then the lines may be permanently drawn and used for obtain- 
ing extraction data. 


1 About 3% in. on the reduced chart, Fig. 5. 
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33 Combination impulse and reaction machines have expan- 
sions appearing somewhat as is shown by curve 3, Fig. 5, due to 
the inherent inefficiency of the impulse element used. Unless 
the heat drop and efficiency of that element are known, an expan- 
sion line drawn as previously described but on the basis of 5 
per cent efficiency difference in the superheat and saturated fields, 
is advised. Straight impulse-type machines, velocity-compounded 
in the high-pressure stages and pressure-compounded at the ex- 
haust end, have more nearly a straight-line expansion character- 
istic and may be drawn as such, though of course manufacturers’ 
test results should always be used in drawing expansion lines if 
available. 


Most , 
Economical 


Total Steam Passed by Unit. Lb. per Hr. 


Inlet Pressure 


Vy Yo : Sa Full 
Fractional Load 
Fie. 10 Wriians Lines or STEAM TURBINES 


Inlet pressure and total steam always bear a fixed relation to load when the ma- 
chine is in normal condition. Establishment of the inlet-pressure line when the unit 
is new, therefore, serves as an ‘‘indicator card”’ at any later date. 


34 Items 9 to 11, inclusive, compute non-extracting heat con- 
sumption, which is useful in calculating the benefits due to ex- 
traction. Of course, the economies stated on the form are only 
turbine-room values. Overall plant economies are obtained by 
dividing by boiler-room efficiencies and taking into account con- 
sumption of auxiliaries and wastages. 

35 Under the caption “ Extracting Operation” the items may 
be divided into three sections. Items 13 to 25 give preliminary 
values which are later used in the actual cycle calculations. 
Items 26 to 36 solve for the decrease in output resulting from 
extraction. The remaining items give economies and quantities 
when full fractional loads are being carried. The notes after each 
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entry, inserted for the purpose of expediting computation and 
diminishing chances of gross errors, show how the values are 
obtained. , 
36 All values, with one exception, have physical meanings, 
and when one calculates a cycle using the sample tabular form 
he should be able to follow calculations with a mental picture 
justifying all mathematical operations. The one exception is in 
item 24, low-pressure heater, in which a subterfuge is undertaken 
to eliminate the necessity of a cut-and-try calculation in obtain- 
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Fig. 11 Extraction CHARACTERISTICS 


Pressures and temperatures fall according to straight-line functions with decreasing 
loads and amounts extracted. 

Curves 1-A, B, and C represent inlet pressure when operating non-extracting and 
when extracting 5 per cent and 10 per cent, respectively. 

Curves 2T-A, B, and C show extraction-nozzle temperatures when operating non- 
extracting and when extracting 5 per cent and 10 per cent, respectively, 

Curves 2P-A, B, and C indicate pressures at a 100-lb. [non-extraction pressure 
most economical (M.E.) load] nozzle for the conditions cited above. 


ing the last-heater value of item 29. Net results are exactly the 
same, but the computer should not attempt to find a physical 
basis for routing part of the drained condensate to the condenser 
and the remainder normally as shown in the flow diagram of 


Fig. 6. 
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37 If turbines are thought of as simple orifices, their straight- 
line extraction characteristics as utilized in the form will be 
more easily understood. Though turbines consist of a multi- 
plicity of small orifices of varying sizes and mounting, part of 
which in reaction-type machines are moving, they behave 
much the same as single large nozzles. Turbine terminology 
speaks of machines “ passing” given amounts of steam at cer- 
tain inlet pressures, and in fact, experience has shown that simple 
nozzle formulas apply to machines commonly thought of as 
non-nozzle machines, with practical accuracy. 

38 If a test be made upon a straight reaction machine at 
various inlet pressures, the steam passed will always be in direct 
proportion to the pressure head forcing it into the machine. 
Fig. 9, an actual test determination, indicates this relation. In 
case of high exhaust pressure, discharge is decreased just as 
it is with simple nozzles, but of course the influence when operat- 
ing condensing is never of practical importance at normal loads. 

39 Analogy to reciprocating-engine practice affords an illus- 
tration, though not strictly applicable, of the variation of total 
steam and load. Fig. 10 shows the straight-line relation existing 
in turbines, showing the same intercept characteristic though not 
the slight curvature of the engine Willans line. The abrupt 
change in curvature of the turbine Willans line represents open- 
ing of the overload valve, past which steam is admitted to lower 
stages, with consequent decrease in efficiency. 

40 Since steam passed by the unit is proportional to inlet 
pressure, load-versus-inlet-pressure curves resemble Willans lines. 
The lower line of Fig. 10, plotted from representative tests, shows 
this relation, which, incidentally, if determined when machines are 
new and known to be operating under normal conditions, affords 
an exceedingly convenient and reliable “indicator card” of the 
unit’s performance at any later time. A line slightly above the 
original curve of the pressure line would be obtained from later 
observations did the blading of the machine become eroded or 
dirty or other unseen troubles occur. 

41 Just as inlet pressures vary directly with steam passed and 
as given straight-line functions of the load carried, so do the 
pressures at any point in the machine vary. The variation of 
pressure at a 100-lb.-absolute extraction point provided on a 
standard machine is shown by curve 2P-A, Fig. 11, which indi- 
cates the pressure decreasing in straight-line relation with the 
load. Temperatures vary in the same manner, as shown in curve 
2T-A. Therefore the temperature to which feedwater can be 
heated by steam extracted from any given nozzle is a function of 
the load carried. 

42° Another influence affecting nozzle temperature and pres- 
sure is the amount of steam being extracted. If the blading past 
the nozzle be thought of as a separate turbine and the extraction- 
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nozzle pressure as its inlet pressure, then the reason for a de- 
crease in pressure when extracting will be appreciated. The de- 
crease for given loads will not be directly proportional to the 
amount extracted, for to carry the same capacity when extract- 
ing, inlet pressures must be increased. The relation of extraction- 
to non-extraction-nozzle pressure is therefore dependent upon 
the position of the nozzies under consideration as well as the 
amount extracted, since the necessary increase in inlet pressure is 
proportional to the amount of work lost when steam is extracted. 
Considerable work is lost when extraction is done at high pres- 
sures; little at low pressures. Fig. 11 shows the relation of inlet 
pressure and extraction-nozzle pressure and temperature when 
extracting various amounts. 
43 Summarizing, turbine principles state that: 


a Total steam passed is directly proportional to inlet 
pressure 

6 Inlet pressure varies according to a straight-line-with- 
intercept relation to load 

c Extraction-nozzle pressures bear the same relation to load 
as does inlet pressure 

d Extraction-nozzle temperatures, varying with nozzle pres- 
sures, also bear the same relation to load 

e Nozzle pressures and temperatures decrease proportion- 
ally with the amount extracted, for given loads by 
amounts dependent upon the position of the nozzle. 


44 These obvious principles, containing nothing which could ° 
not be found in turbine textbooks, have been noted in this 
discussion because of their important bearing upon the subject 
of extraction. As stated previously, knowledge of these funda- 
mentals and ability to use the Mollier chart should allow any 
power-plant man to compute an extraction feedwater-heating 
cycle for his plant. 


APPLICATION OF MerrHop 


45 In actual use, separate blueprints, photostats, or other 
reproductions of the tabular form Fig. 7 are pasted to the calcu- 
lation pages and separate solutions made for each cycle. Or- 
dinary five-line-per-inch paper, properly ruled vertically for the 
specific cycle, is best for the calculations. With some experience, 
the calculations may be performed with great rapidity, many 
values being obtained without changing the slide-rule setting. 
Given only guarantees, generator efficiencies, and extraction- 
nozzle pressures, a representative two-heater cycle may be 
worked in two or three hours by any one slightly acquainted 
with the work. 

46 Slide-rule accuracy is fully accurate enough for the most 
exacting requirements in all except two items, items 38 and 40. 
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In the preliminary computations for these values, small quanti- 
ties are used throughout, giving slide-rule readings that are accu- 
rate to the last kilowatt. In making the division for item 38 and 
the multiplication for item 40, solution by comptometer, long- 
hand, or a combination of longhand and slide rule is necessary 
if accuracy greater than 0.1 per cent is desired. The latter 
method of combining longhand and slide-rule calculations has 
been found particularly adaptable. 

47 Solution of cycles containing steam-jet air pumps, deaéra- 
tors, evaporators, steam pumps or other auxiliary equipment 
does not lessen the value of the tabular form, for this equipment 
is given columns in the calculations just as are the heaters. The 
solution is in the opposite direction, however, since total steam 


Permiss/ble 
Range 


Per Cent Therma! Loss by Poor Placing. 


A) OR © f20) 30 40 50 60 10 80 90 100 
Placing of Low-Pressure Heater: Per CentHeat Rise Upward 
from Exhaust Point toward High-Pressure Heater. 


Fig. 12 Bust THERMODYNAMIC PLACING OF HEATERS 


Calculations of complete cycles show that for best economy with two-heater cycles 
the lower heater should do approximately 60 per cent of the feedwater heating. For 
multi-heater systems the lower-pressure heaters should carry slightly more of the 
heat load than the upper ones, though accurate placing is not thermally important. 


to the added equipment is known and temperature rise is de- 
sired. Therefore the calculations are performed by working 
from item 83 upward to item 26, instead of downward as in 
heater calculations. Of course, the terminology of some of the 
items must be mentally broadened to apply to all types of 
equipment. Cycles containing desuperheaters are computed in 
a manner no different than are systems without that equipment, 
though of course item 43 must be increased by the amount of 
injection water if such is supplied from an external source. If 
evaporation of make-up water is intermittent, occurring only 
at periods of low loads and storing for full loads, as seems 
advisable practice in future designs, then the calculation of 
evaporators should be applied only at fractional loads. 
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48 Allowance for power to drive electrical auxiliaries, if that 
power is taken from the main unit, may be made in item 35 
so that exact nominal loads at either switchboard or main bus 
will be obtained in the correction curve of item 39. Since full 
rated load (20,000 kw. in the example cited) is not obtainable 
on the main bus when furnishing auxiliary load without carry- 
ing a generator overload, the full-load entry must be made with 
power-factor qualifications. 

49 For computing comparative cycles, as is done in power- 
plant design, the method is flexible in that it does not involve the 
derivation of separate formulas for each cycle as is necessary 
if accuracy is desired when using the formula methods. Pro- 
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Fic. 13 ComMeErRcIAL VALUE OF STEAM AT VARIOUS PARTS OF A 
TURBINE 


Curve showing why extraction at low temperatures affords inexpensive steam; 
and why the plan of heating feedwater by bearing oil and generator cooling air has a 
competing method because of the cheapness of heating by extraction. 


vided a formula is used a great many. times and the computer is 
acquainted with its notation, then it possibly is a labor-saving 
device. 


II— MAXIMUM REALIZATION OF EXTRACTION GAINS 


Errect or RELATIVE Position or Heater UPON EcoNoMyY OF 
FrepwaATeR HEATING 


50 For this study a representative cycle of two heaters, heat- 
ing to 210 deg. fahr. at most economical load, was initially chosen. 
The low-pressure heater was varied in position from 25 per 
cent to 87 per’cent of the heat-drop interval between the high- 
pressure heater and the exhaust, and the resulting economies 


figured. 
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51 Fig. 12 shows that best economy is obtained when operat- 
ing with the low-pressure heater at a point 60 per cent of the 
heat-drop interval upward from the exhaust, or in this case at 
a pressure of about 4 lb. per sq. in. absolute. Under these 
conditions slightly more heat is transferred in the low-pressure 
heater, though considerably more power is lost in steam extracted 
from the high-pressure nozzle. Accurate placing of heaters is 
not of importance, for, as the curve shows, any position from 
50 to 70 per cent of the heat drop causes a change in economy 
no greater than ,, of 1 per cent. In three- or four-heater 
cycles slight preference should be given low-pressure heaters in 
distributing the heat loads, working the high-pressure ones at 
lighter, values, though this adjustment is not strictly necessary. 
In computing two three-heater cycles having the ratio of heat 
absorbed in each heater, starting with the high-pressure heater 
in each case, 1-1.6-1.1 and 1.0-0.97-1.8, respectively, a dif- 
ference in heat consumption of the order of ;4,5 per cent was 
found. 


INFLUENCE oF AUXILIARY EQUIPMENT UPON 
EXTRACTION Economy 


52 A representative two-heater cycle, heating to 210 deg. fahr. 
at most economical load and containing a steam-jet air pump, 
showed increases of 1.1 per cent, 0.84 per cent, and 0.71 per 
cent in heat consumption at 14, 34, and most economical loads, 
respectively, above the same cycle computed without an air 
pump. ‘True, average steam consumption of the air pump (0.8 
per cent of full-load throttle total steam) heated the feedwater 
as much as 15 deg. fahr., but this being done at an extremely 
low temperature level by high-temperature-level steam resulted 
in decreasing the benefits of extraction heating from, for ex- 
ample, say, 5.5 per cent to 4.5 per cent. The fallacy of the 
time-worn expression crediting steam-jet air pump, injector, and 
other steam auxiliary equipment in power stations with 100 per 
cent efficiency is thus strikingly indicated. 

53 Were two-stage steam-jet air pump equipment so con- 
structed that an extraction heater could be interposed between 
the two effects, these losses could be lessened to 0.96 per cent, 
0.725 per cent, and 0.64 per cent smce most of the air-pump 
aftercooler heating could be done at a higher temperature level. 
If mechanically practical and fully as reliable as the steam-jet 
air pump, economical motor-driven vacuum pumps, with air 
pumps in reserve as “ augmenters”’ or as auxiliaries when start- 
ing, would be desirable equipment, though continuity of service 
is of great importance in this consideration. 
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Errect or Type or TURBINE UPON Extraction GAINS 


54 Since extraction gains are caused by obtaining work from 
the extracted steam before it passes to the heater, the amount of 
work done in the machine down to a given pressure is a crite- 
rion of extraction efficiency. Machines with inherently ineffi- 
cient high-pressure stages are at a disadvantage, therefore, in 
producing economy in extraction feed-heating systems. Ex- 
pansion lines 3 and 4, Fig. 5, when used in giving data for a 
two-heater cycle heating to 210 deg. fahr. at the most economical 
load, give results 0.24 per cent and 0.325 per cent, respectively, 
poorer in heat consumption than curve 2. The latter has high- 

Ot 


ion 


oe 


4 


aE 


a 


due to Extraction for Feedwater Heating. 
a 


> 


f/ 
4 


Per Cent Decrease in Turbine-Room Heat Consumpt 


i! (eee | 
120 160 200 240 280 320 360 400 
Final Feedwater Temperature Leaving Last Heater, Deq. Fahr. 
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HeatTinac To Various TEMPERATURES WITH DIFFERENT NUMBERS 
oF HEATERS, AS COMPARED WITH NoN-FErED-HEATING OPERATION 


Results of accurate computations of complete cycles, considering all extraction 
variables (with exception of leaving loss) in a typical installation, showing net and 
comparative turbine-room gains for a representative large-unit high-pressure machine, 
though applicable to others with small error. Curve 1-M.H. is for a one-heater cycle, 
most economical load; Curve 2-? is for a two-heater cycle at three-quarter load, etc. 
Data from Fig. 1. 


efficiency high-pressure blading and moderate-efficiency low-pres- 
sure blading; the former, to indicate comparable overall 
efficiencies, must have very high-efficiency low-pressure blading 
to counteract inevitable losses of the high-pressure blading. The 
extracted steam experiences these losses, but leaves the machine 
too early to compensate for them in the exhaust blading, with 
the net results as indicated above. 
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ComMMERCIAL VALUE oF Hmat IN GENERATOR AIR AND 
BeaRING OIL 


55 Due to the low temperature level of the heated generator 
air and bearing oil, their utilization for purely thermal consider- 
ations is questionable so long as feedwater is heated by stage 
extraction. As shown by Fig. 18, extraction steam taken from 
a 120-deg. nozzle (the average temperature of generator air and 
bearing oil) has given up 85 per cent of its power value in 
doing work before being extracted, and any heating it may do 
is at a cost of only 15 per cent of its value at the throttle. 
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Fig. 15 Apprtronan THROTTLE STEAM REQUIRED TO MAINTAIN 
Nominat Loaps WHEN HxEaTING TO VARIOUS TEMPERATURES BY DIF- 
FERENT NUMBERS OF HEATERS 


_ For use with Fig. 14 in determining most commercially economical heater installa- 
tion in a given plant; applies for most economical loads, though only approximate at 
high temperatures, due to change in steam rate past normal most-economical-load 
point. 


Four per cent mechanical and electrical losses, originally pro- 
duced with a thermal efficiency of not more than 25 per cent, 
represent 1 per cent of the total heat, or enough to heat the 
feedwater about 12 deg. fahr. The same temperature rise could 
be obtained by extracting 1.2 per cent of throttle total steam 
from the 120-deg. nozzle, causing a maximum heat-consumption 
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increase of in the neighborhood of 0.2 per cent. Whether 
the more costly apparatus required for heat transmission from 
oil and air warrants substitution for the simpler heating 
by extraction steam in heaters already provided is question- 
able, unless of course the additional apparatus serves the dual 
purpose of cooling and heating as in closed generator cooling-air 
systems. 


ComPaRATIVE Economy or Stace Hnatine to Various TEM- 
PERATURES AND WITH Dirrerent Numbers orf HEATERS 


56 Allowing for terminal difference, extraction and pipe pres- 
sure drops, flashing, and using all refinements in cycle computa- 
tions, representative systems heating to different maximum tem- 
peratures with one, two, three, and four heaters were accurately 
computed. In Fig. 14 the results are compared with heat con- 
sumption for non-extraction operation, though the curves afford 
intercomparison as well. 

57 In agreement with previous published investigations, the 
curves show maximum benefits to occur at 245, 300, 320, and 
330 deg. fahr. when heating with one-, two-, three-, and four- 
heater cycles, respectively. They also represent comparative 
economies in percentage of heat consumption at any final tempera- 
ture and for any practical number of heaters. Fractional-load 
curves for the one- and two-heater cycles show the comparative 
economies at full and reduced loads, indicating maximum 
economy for all loads obtainable, not with constant feedwater 
temperature, but with changes just as they occur at extraction 
nozzles with variable loads, represented by the straight lines ad- 
joining the calculated points in both systems. It will be appre- 
ciated that besides cutting the peaks of each set of curves, 
the straight lines AB and A’B’ also indicate the natural drop in 
temperature at the specific nozzle heating feedwater to those 
most efficient temperatures. Unless boiler-room practice rigidly 
requires constant feedwater temperatures at economizer inlets, 
the inherent simplicity of extraction stage heating can be main- 
tained in the future. 

58 Increase in the number of heaters, besides improving 
economy at any given final temperature and increasing the most 
economical temperature, broadens the range over which the 
system can operate without causing great decrease in economy. 
Three- and four-heater-cycle curves are appreciably flatter than 
those of fewer heater cycles. It will also be noted that the 
proportionate gain in adding additional heaters decreases rapidly, 
especially at the lower temperatures in use at present. Increase 
in final turbine-room feedwater temperatures, which is not un- 
likely, will increase the commercial advisability of providing 
greater numbers of heaters. 
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Tue Furure or Srace Extraction For FreepwaTerR HEATING, 
AND CONCLUSIONS 


59 The use of combustion-air economizers, adoption of the 
unit system, improvement in the reliability of auxiliaries, and 
the growing demand for simplicity in power-plant construction 
all point toward the steady adoption of the stage-extraction 
method of heating feedwater. 

60. That air preheaters can effectively lessen the economical 
rating of feedwater economizers, thus allowing greater benefits 
of extraction feedwater heating to accrue by heating to higher 
temperatures in the’ turbine room, seems probable. Mechanically 
and thermally successful air heaters have been tried and tested 
with creditable results, decreasing chimney temperatures to ex- 
ceedingly low amounts while carrying part of the economizer 
heat loads. Increasing the turbine-room feedwater temperature 
to 300 deg. fahr. from the present practice of 210 deg. fahr. is 
therefore not improbable. The change would decrease economizer 
corrosion, increase boiler rating, and allow a gain in overall 
plant economy of a magnitude determinable by use of Fig. 14. 
The increase in feedwater temperature mentioned above would 
additionally improve turbine-room heat consumption 1.25 per 
cent if a two-heater system were in use; and 1.95 per cent for 
a three-heater system. 

61 In smaller installations the plan of motorizing the aux- 
iliaries, coupled with the inherent self-regulation of feedwater 
temperature in extraction systems, may render steam-turbine 
rooms more or less automatic in control. Auxiliaries can be 
permanently tied electrically to the main or auxiliary generator, 
gaining in speed with it when starting and being automatically 
shut down upon stopping. Feedwater heating by other means, 
because of the attention necessary for approximate constant-tem- 
perature maintenance and of the attention to auxiliary turbines, 
does not adapt itself to automatic control. Where economy 
considerations do not demand extraction heating, ease of opera- 
tion may be a factor contributing to its installation. 

62 Larger installations with positive sources of current for 
auxiliary operation need maintain no inefficient steam-driven 
auxiliaries, with perhaps the exception of a few stand-by boiler- 
feed pumps, and thus may realize the full benefits of stage ex- 
traction. With the increasing interlinkage of power stations, 
steadier line conditions are assured, promising greater reliability 
of motorized auxiliaries in cases where auxiliary generators are 
not employed. By its nature, feedwater heating by stage ex- 
traction appears to adapt itself well to present power-plant 
practice, and continued adoption is anticipated. 

63 Accuracy in extraction calculations can hardly be ex- 
pected? with the use of simple equations representing the involved 
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internal characteristics of modern turbines. These characteristics 
must be understood, and for their expression the Mollier ex- 
pansion line seems best suited. In calculating resulting heat 
consumption, allowance for all conditions in the cycle is de- 
manded if accuracy commensurate with present requirements is 
desired. It is hoped that this paper may at least provide 
suggestions of some use to the producers of power. 
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No. 1913d 
REHEATING IN CENTRAL STATIONS! 


By W. J. Woutrenserc,? New Haven, Conn. 


Associate-Member of the Society 


In this paper the author discusses the influence of amounts of energy 
added in reheating, number of reheating stages, and points in expansion 
at which reheating should begin. A comparison is made of reheating, 
regenerative, and combination cycles combining both reheating and bleed- 
ing stages, and it is shown that, because of the influence on the internal 
machine efficiency thereby, reheating properly applied may lead to higher 
efficiencies than bleeding. It is furthermore shown that the combination 
cycles give promise of realization in practice of appreciably higher effi- 
ciencies than would be the case for the other cycles investigated. The 
analysts also indicates that for a limiting steam temperature of 750 deg. 
fahr., the maximum efficiency is attained at initial pressures varying 
between 600 and 900 lb., the exact optimum depending upon cycle, fuel, 
and steam generator used; and that if pressures are increased beyond 
these points there will result an actual reduction in overall efficiency. 


N AMERICA some work of this nature has been carried on by 
the Detroit Edison Company, but little concerning it has been 
published. The subject was suggested by Mr. George A. Orrok, 
Mem. A. 8. M. E., and what is generally known of the present 
state-of the art is well expressed in a letter from Mr. Orrok con- 
taining the following paragraph: 


There are a few stations where reheating has been done, but there is 
no information regarding them. The particular station where the most 
work has been done is the North Tees station outside of Newcastle, Eng- 
land, but there have been no facts of performance made public about this 
plant. The Chicago Edison is putting in such an outfit which they hope 
to have running next year. So you see you have a virgin field to work in 
and no precedent except your thermodynamic principles. 


This paper is accordingly first occupied with an attempt to dis- 
cover the proper place of reheating in the central station on an 
ideal basis. Secondly, modifications of ideal conditions leading to 
expected practical performance are introduced. 

1 For discussion and closure see pp. 766 and 814. 

2 Assistant Professor Mechanical Engineering, Sheffield Scientific School, 
Yale University. 


Contributed by the Power Division and presented at the Annual Meeting 
New York, December 3 to 6, 1923, of THe Ammrican Society or ME- 
CHANICAL ENGINEERS. 
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Fie, 2 Two-Stace REHEATING CYCLE 


Tue RevEatTiInGe CyYcLE 


2 This cycle is illustrated 
on the temperature-entropy 
diagram in Figs. 1 and 2. In 
Fig. 1, FEGH represents the 
reheat area, and the gain of 
work is represented by EGLJ. 
In Fig. 2 the reheating is 
performed in the stages with 
an expansion GJ between 
them. The gain of work is 
equal to EGIJLMN, and the 
energy added, to EGIJKF. 
The following questions arise: 


1 Where shall reheating be- 
gin? 


2 How much reheating shall 


be resorted to? 

3 In how many stages shall 
reheating be accom- 
plished? 


The first question is easily 
answered as it is obvious 
that the work area EGIJ for 
a given width JJ increases 
as point H is raised. The 
most efficient condition will 
therefore result by continu- 
ing the superheat beyond 
point D. In practice, how- 
ever, available materials 
limit this point and the pres- 
ent problem is thus solved 
when for given limiting 
steam temperatures ques- 
tions 2 and 3 above have 
been answered. 


Limitations To EFrictent REHEATING 


3 Materials place a commercial limit of about 750 deg. fahr. on 
the initial steam temperature, although in a few recent stations — 
mostly under construction — higher temperatures are to be used. 
These must, however, at this time be considered as of an experi- 
mental nature. In this analysis upper steam temperatures of 
750 deg. fahr. will be considered as the limit of good design and 
1000 deg. fahr. as a possible coming future standard. 
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4 With this in view the two-cycles mentioned are first investi- 
gated and also a third in which three reheating stages are employed. 
The solution of the problem is most readily accomplished by means 
of the Mollier chart, and the formulas with methods used are given 
in Appendix No. 1. 

5 Figs. 3 and 4 represent respectively the influence of number 
of stages and quantity of energy added on the cycle efficiency. 
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(Reheat in each stage carried back to initial heat content of steam.) 


Curves 1, 2, 3: Single-stage reheating, 750 deg. fahr. steam temperature. 
Curves 4, 5, 6: Two-stage reheating, 750 deg. fahr. steam temperature. 
Curve 7: Single-stage reheating, 1000 deg. fahr. steam temperature. 


The following conclusions may be drawn: 


a There is an appreciable gain in efficiency of the two-stage 
cycle over the one-stage cycle, but beyond two stages 
very little gain may be expected. 
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b For each cycle there is an optimum energy quantity per 
stage which varies slightly with initial pressure and con- 
siderably with initial temperature. 

c The maximum efficien- 
cy increases consid- 
erably with pres- 
sure and still more 
with temperature. 
(See curve 7, Fig. 4.) 

d The optimum cycle ef- 
ficiencies are mate- 
rially better than 
those of the Rankine 

c cycle for a given in- 

§ itial steam temper- 

ature. 


The latter fact is illustrated 
in the curves by their rise 
from the zero reheating 
point, under which con- 

p ditions the Rankine cycle 
Fic. 5 Onn-Stacr Buzepine Cycin is performed. 
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6 Figs. 5and 6 represent 
one- and two-stage bleeding 


Mi eycles on the temperature- 

A ng . entropy diagram. The sat- 

Fe ES a4 uration line in Fig. 5 is rep- 
K ex) 


resented by CLMC” rather 
than CC’, and in Fig. 6 by 
CFMGHC”. Quality curves 
would be symmetrical with 
the saturation lines. The 
sharp breaks to the left are 
caused by the depletion in 
total-steam quantities at 
p bleeding points. For every 
pound of steam entering 
the turbine only a fraction 
of a pound, due to bleeding, is exhausted, but the quality varia- 
tions in the expansion following bleeding are just as if no bleeding 
had taken place. The points at which the steam condition crosses 
the saturation line are indicated respectively by N and N’ for the 
bleeding and non-bleeding or Rankine cycles. 

7 One- and-two-stage cycles are considered, in the first of which 
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feedwater is heated from condensate temperature at 240 deg. fahr. 
and in the second, first to 180 deg. fahr. and then to 280 deg. fahr. 
A solution for efficiency is conveniently made with the aid of the 
Mollier chart, as indicated in Appendix No. 2. 

8 The results are represented by Curves D and E of Fig. 7. 
Curves B and C show efficiencies of one- and two-stage reheating 
cycles for the optimum reheat quantities shown in Fig. 4. From 
these it is obvious that ideal bleeding cycles are more efficient than 
the best ideal reheating cycles. It may therefore be found ad- 
vantageous to combine the reheating and bleeding processes in 
the same machine, and although this scheme may at first appear 
somewhat analogous to a tug of war between conflicting effects, 
such is actually not the case. The bleeding process improves the 
efficiency by transferring energy within the cycle, and the re- 
heating process properly used adds energy where its availability 
for work is high. In addition, reheating, as later shown, is the 
means of materially improving the internal machine efficiency of 
the prime mover. 
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Fie. 7 Erriciencizs oF VARIoUS REHEATING AND OTHER CYCLES 
Steam conditions, A to F, inclusive: Initial temperature, 750 deg. fahr; back pressure 
in. Hg. 
Steam conditions for curve H: Initial temperature, 1000 deg. fahr; back pressure, 
in. Hg. , ’ 
Bleedi oints: 240 deg. fahr. or 25 lb. in one-stage bleeding cycles. 
if elope 280 and 180 deg. fahr. or 50 lb. and 7.5 in. Hg in two-stage cycles. 


CoMBINATION CYCLES 


9 In Fig. 8 the BRB-cycle indicates one composed of two 
bleeding stages with reheating incorporated between them. In 
similar notation Fig. 9 represents the RBRB-cycle. Various com- 
binations may be investigated, but from data now available the 
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D most favorable reheating and 
bleeding conditions may be 
chosen. They are as follows: 


One-Stage Reheating: 140 
B.t.u. to occur in the 
cycle after a 140- 
B.t.u. drop in the ex- 
pansion line. (See Fig. 
4.) 


Two-Stage Reheating: 120 
B.t.u. per stage occur- 
ring alternately with 
expansion after suc- 
cessive 120-B.t.u. 
drops in expansion 
line. (See Fig. 4.) 


One-Stage Bleeding: Con- 
densate raised to 240 
deg. fahr. temperature. 


Fie. 8 BRB-CyciEe 
Energy available for work = ABCDEFGHI- 
JKMA 


Net heat added = ABCDEG'HINPA. ns * 

neers areas represent heat transferred by Pressure = 25 lb. abs. 
eeding. ' 

Reheat = SGHNS. Two-Stage Bleeding: Con- 


densate raised first to 

180 deg. fahr. and then 
Cc to 280 deg. fahr. Bleed- 
ing pressures, 7.5 in. 
Hg and 49 lb. abs. 


These conditions apply for an 
initial steam temperature of 
oid 750 deg. fahr. When this is 
increased to 1000 deg. fahr. 
the energy added in reheating 
is increased to 250 and 200 
B.t.u. per stage, respectively, 
for the one- and two-stage 
cycles. 
10 A fulfillment of these 
fundamental conditions may 
lead to a change in order of 
the reheating-bleeding proc- 
e esses as the pressure range 

Hig, 2h RRR ee is followed through. This R-B 
nETHENA. sp order will, however, be left to 
BrORH ) — A ABCDEFFIOTA’ + appear as it happens to be 
Shaded areas represent heat transferred by fixed by the above more im- 


bleeding. 5 4 
Reheat = SDEQ + RHIO. portant considerations. In 
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solving the problems the Mollier chart again comes into play, as 
indicated in Appendix No. 3. 

11 The resulting variations in efficiency are shown by curves 
G, F, and H in Fig. 7, from which the following conclusions may 
be drawn: 


a Combination cycles are considerably more efficient than the 
other cycles investigated 

b The ideal efficiency increases rapidly as pressures increase, 
but beyond 1000 lb. little is to be gained 

c An increase in initial temperature very materially increases 
the efficiency. 

12 The next phase of the problem naturally has to do with 
relating of ideal and actual performances. This involves the in- 
fluence of the various processes on the internal machine efficiencies 
of the prime movers. 


Tue InteRNAL MaAcuHINE EFFICIENCY 


13 The thermal efficiency of the actual internal work will be 
equal to the product 
E, x E; 


in which £, is the thermal efficiency of the cycle and E; the internal 
machine efficiency. The above product times Hm, the mechanical 
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Fic. 10 InrernaL Macuine EFFICIENCY 


A —60,000-kw. 3-cyl. Westinghouse compound. 
B—30,000-kw. single cylinder G.E. / 
C, D, E, F —30,000-kw. Westinghouse compound. Back pressure, 1 in. Hg. 


efficiency, will result in the overall efficiency of work at the shaft 
based on the heat energy absorbed by the working medium. The 
efficiency product H; x E,, involves the following losses: 


a Nozzle and blade frictional losses 

b Leakage and disk friction 

c Gland, bearing, and governor friction 
d Radiation. 
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The first two of these determine H; and the fourth may be included 
with the third as part of the loss involved in HZ». Under these 
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Fic. 12 Steam GENERATORS. RELATION BETWEEN Escaprnc—Gas TEem- 
PERATURES AND Propucts or ComBusTION PrErR 10,000 B.v.v. Lis- 
ERATED IN THE FURNACE 


Steam temperature, 750 deg. fahr. One-third of total surface in economizer; one- 
pass gas flow; average rate of heat absorption, 5000 B.t.u. per sq. ft. per hr. 


conditions E,, may be taken at 99 per cent without appreciable 
error for the cases investigated. 


14 A detailed determination of E; throughout the turbine in- 
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volves factors known only to the turbine designer, but its mean 
value may be computed from test results. These with proper 
corrections may be applied to the conditions of the problem. Cor- 
rection factors for superheat, pressure, and vacuum have been 
fairly well established for the usual operating cycles, but how to 
apply steam-temperature corrections in reheating cycles is at first 
glance somewhat of a puzzle. For such cases the initial steam con- 
dition is no longer indicative of its mean condition throughout 
the turbine, and this, fora given turbine, is the primary factor in 
evaluating losses (a) and (6) above. 

15 However, for a given back pressure the adiabatic end point 
of the expansion process is a sort of integrated value of the steam 
TABLE 1 END-POINT HEAT CONTENTS AND INTERNAL MACHINE 

EFFICIENCIES FOR VARIOUS CYCLES AND CONDITIONS 


(Heat contents in B.t.u.; efficiencies in per cent.) 
Rankine and 
Tar Bleeding One-Stage Two-Stage Two-Stage 
ial Cycles, Reheating, Reheating, Reheating, 
Prese 750 deg. fahr. 750 deg. fahr. 750 deg. fahr. 1000 deg. fahr. 


sure, End Mach. End Mach, End Mach. End Mach. 
Ib. PE) *Eiy Pt. Eifiy: SP taa Bay.) hPty oo matty: 
B00 912 S078 SkessG S384: 40850 84.5) 71045, + 25-8 
600 865 77.8 940 82.0 989" 8385) 1110= 1853 
1200" 819748" 890 79.6 943 82.2 1102 85.2 
condition throughout, particularly if the reheating has occurred, 
as it should have, early in the cycle. Such end points can always 
be found by tracing out the ideal cycle on the Mollier chart. If 
for a machine under consideration test data are available, actual 
internal machine efficiencies may be plotted against adiabatic end 
points for a given back pressure. 

16 Fig. 10 represents such a curve plotted by means of test 
data available for a number of large turbines as indicated. The 
data and computations are included in Appendix No. 4. To obtain 
the internal machine efficiency, find first the adiabatic end point 


of the cycle in question by tracing it out on the Mollier chart. 


TABLE 2 REHEATER PRESSURES FOR VARIOUS BOILER PRESSURES 
(Pressures in lb. per sq. in.) 
—Reheater Pressures— 


Initial Two Stages 
Pressure One Stage Ist Stage 2d Stage 
300 88 105 46 
600 170 210 70 
1200 290 380 120 


Then find the efficiency value corresponding to this condition from 
the curve. Such curves have the advantage of automatically 
correcting for superheat, initial pressure, and reheat. The limita- 
tions to their use are outlined in Appendix No. 4. 


THERMAL EFFICIENCY AT SHAFT BAsEep ON Heat ABSORBED 


17 The end-point heat contents and internal machine efficien- 
cies for the cycles and conditions considered are given in Table 1. 
Reference to this table brings out the following conditions: 
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-a Unless reheating is used the machine efficiency is relatively 
low at high pressures ! 

b With 1000 deg. fahr. steam temperature the machine 
efficiency is 3 per cent better for two-stage reheating at 
1200 Ib. pressure than it is with 750 deg. fahr. steam 
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Fig. 13 OveraLL THERMAL EFFICIENCIES OF A GIVEN STEAM-GENERAT- 
ING PLANT FOR VARIOUS COMBINATION AND BLEEDING CyYcLEs 


(Auxiliaries, electric generator and pipe-line radiation losses not included.) 
Curves D, E, F, G, and H for a stoker-fired plant. 


Curves F’, G’, and H’ for a powdered-coal maximum-efficiency plant in which steam- 
generator efficiency is 88 per cent, 


18 The thermal efficiencies at the shaft based on heat absorbed 
may now be obtained and are represented in Fig. 11. The following 
conditions are apparent: 


a Because of its effect on machine efficiency, reheating be- 
comes more efficient than bleeding 

b The highest efficiency is obtained in the two-stage com- 
bination cycle, i.e., 2R and 2B 

c All curves shown have maximum points and for 750-deg. 
fahr. steam these are in most cases below 1000 lb. pressure. 


19. The fact that steam generators naturally fall off in efficiency 
with increasing pressures will tend to throw the high-efficiency 
points still farther down the pressure scale. 


Tue Steam GENERATOR IN REHEATING STATIONS 


20 Reheating surface will normally be included within the 
boiler setting to withdraw heat from the products of combustion. 
Mean steam temperatures within them will be somewhat higher 
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than boiler-surface temperatures for 300-lb. and 600-Ib. pressures, 
but for 1200-lb. stations they will actually be somewhat lower. 
The pressures existing within the reheaters will be considerably 
below those existing in the boilers, as shown in Table 2. It appears, 
therefore, that for a given heat absorption, reheater surface advan- 
tageously placed ! may not be more expensive than boiler surface. 
This would be particularly true if the reheating surface should be 


TABLE 3 STEAM-GENERATOR EFFICIENCIES FOR VARIOUS 
CYCLES AND PRESSURES 


Steam pressure, lb. per sq. im..............0% 300 600 1200 

* . Escaping-gas temperature, deg. fahr....... 430 500 580 
One-Stage Bleeding . Loses efficiency, per cent............. 82.8 80.8 78.4 
Mg 5 Escaping-gas temperature, deg. fahr....... 470 540 620 
Two-Stage Bleeding . eae, efficiency, per cent............. 81.8 79.8 77.8 
Rankine: ov nraccn oe Efficiency, per cent (90 deg. fahr. feedwater). 85.2 83.2 80.8 


exposed directly to furnace radiation, as under these conditions 
the rate of heat absorption would be very high. Such an arrange- 
ment also has obvious advantages when considering maintenance 
of furnace walls and should lead to higher steam-generator effi- 
ciencies because a larger proportion of the total liberated heat 
energy may be absorbed in the furnace, leaving therefore less 
energy to be absorbed by convection, The reheater maintenance 
may, however, be high and there are some operating disadvantages 
which may make the arrangement undesirable particularly at light 
loads when the reheating would be excessive. 

21 Under variable-load operation reheaters screened from the 
furnace will function much as superheaters in the gas-convection 


1 See Appendix No. 1. 
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F, G, and H for stoker-fired plants. , 5 
gue F’, G’, and H’ for high-efficiency powdered-coal plants in which steam- 
generator efficiency is 88 per cent. 
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path. If the steam-generator driving rate is maintained propor- 
tional to the load on the prime mover, little difficulty should be 
experienced at light loads, as the ratio of gas weight to steam 
weight will remain substantially constant. For these reasons the 
reheater in the gas-convection path appears to have, in the present 
state of the art, more desirable operating characteristics. When 
the heat absorption in reheaters is large it may, however, be found 
advantageous to absorb part of the energy directly from furnace 
radiation. 
STEAM-GENERATOR EFFICIENCIES 


22 For high pressures boiler-surface temperatures will be in- 
creased with a corresponding rise in the escaping-gas temperature. 


; 


Constant & 


Heat Content t 


Entropy. 


Fic. 15 REPRESENTATION OF Onzn-StTaAGE REHEATING CYCLE 
on Mo.uurer CHarr 


Economizer surface will, due to high feedwater temperatures, 
absorb less heat in two-stage than in one-stage bleeding stations. 
These conditions together with the influence of combustion on 
escaping-gas temperatures are shown in Fig. 12, in which for con- 
venience in later comparison it has been found advantageous to 
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state the rate of driving in terms of the average rate of heat ab- 
sorption in B.t.u. per sq. ft. 

23 The expected efficiencies for a stoker-fired plant with a 
steam generator proportioned as shown and absorbing heat at 
the average rate of 5000 B.t.u. per sq. ft. per. hr. are stated in 
Table 3. 


OvERALL EFFICIENCIES FoR A Given StHAM-GENERATING 
PLANT 


24 Curves D, HE, F, G, and H; Fig. 13, represent the overall 
efficiencies by combining the foregoing steam-generator efficiencies 
with those from Fig. 11. The economies in B.t.u. per kw-hr. for 
certain of these stations are shown by curves F, G, and H of Fig. 14. 
It is apparent from these curves that no gain may be expected by 
increasing pressures beyond 850 lb. 


“Srations oF Maximum Erricrency 


25 When high load factor and cost of fuel make feasible the 
use of steam generators of exceedingly high efficiencies, the fol- 
lowing modifications may be made: 


a Decreased average rate of heat absorption 

b Increased ratio of economizer to boiler surface 
c Installation of air preheaters 

d Burning coal in powdered form. 


Under these conditions average steam-generator efficiencies of 86 
to 90 per cent may be realized even for the high-pressure two- 
stage-bleeding stations, but to accomplish efficiencies appreciably 
higher than this even in the low-pressure stations would un- 
doubtedly involve prohibitive conditions. 

26 For a steam-generator efficiency of 88 per cent a new set 
of efficiency and economy curves represented by F’, G’ and H’ in 
Figs. 13 and 14 are arrived at. Reference to them indicates that 
for 750-deg. steam the maximum-efficiency point occurs at 1000 lb. 
pressure. The efficiency has a value of 32.3 per cent and the 
economy is 10,300 B.t.u. per kw-hr. at the turbine shaft. Generator 
losses, power for auxiliaries, and pipe-line radiation have not been 
included. If 10 per cent is charged to these three items the net 
results are as follows: 


Net overall efficiency = 29.1 per cent 
Net economy = 11,500 B.t.u. per kw-hr. at the switchboard. 


27 Wemay conclude that the station with a net overall economy 
of 12,000 B.t.u. is in sight. Its characteristics and principal di- 
mensions may be about as follows: 

Initial steam pressure, 900 to 950 lb. per sq. in. 


Initial steam temperature, 750 deg. fahr. 
Back pressure, 1 in. Hg. 
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Steam Cycle: Combination 2R + 2B. 
Reheating, 120 B.t.u. per stage per lb. 
Bleeding, 49 lb. and 7.5 in. Hg. 
Condensate, 280 deg. fahr. and 180 deg. fahr. 


Steam Generator: 
Surface equally distributed between boiler and economizer. 
Average rate of heat absorption, 3000 B.t.u. per sq. ft. per hr. 
Air-preheater surface per sq. ft. of surface in boiler and econo- 
mizer, 0.2 sq. ft. 
12,000 


3000 


Boiler, superheater, and economizer surface per kw. = 


x 0.88 = 3.52 sq. ft. 


Boiler, superheater, and economizer surface corrected for reheat- 
i dew. Be a ea io cate 
ik CPTI CEA NPAT Ce SEIT ieee gate 

Reheating surface per kw. = (?) depends on position 

Energy absorbed in reheater per kw-hr. = 1900 B.t.u. = 18 per 
cent of total 


Air-preheater surface per kw. = 0.2 X 3.52 = 0.70 sq. ft. 
Temperature of gases escaping from boiler, 620 deg. fahr. 
Temperature of gases escaping from economizer, 350 deg. fahr. 
Temperature of gases escaping from air preheater, 260 deg. fahr. 
Draft loss in boiler and economizer, 1 in. water. 
Draft loss in air preheater, 4 to 5 in. water 

Fuel: Powdered coal burned with 20 per cent excess air. 


COMPARISON OF STATIONS 


28 A brief comparison of several station types may now be of 
interest. 


Station No. I — Steam pressure, 700 lb. per sq. in. 
Steam temperature, 750 deg. fahr. 
Back pressure, 1 in. Hg. 
Cycle: Combination 2R + 2B. eye 
Fuel: Bituminous coal burned on stokers with 40 per cent excess air. 
Economy per kw-hr. at shaft, 11,650 B.t.u. (See G, Fig. 14.) 
Correction for auxiliaries, electric generator and pipe-line losses, 
8 per cent. 
11,650 
0.92 
Surface in boiler, superheater, and economizer per net kw. 
12,700 
5000 X 0.80 = 2.03 sq. ft. 
Surface in boiler, superheater, and economizer per kw. corrected for 
reheating = 0.824 X 2.03 = 1.67 sq. ft. 
Energy absorbed per kw-hr. in reheaters= 1790 B.t.u. = 17.7 per 
cent of total. 
Economizer surface per kw.= 0.33 X 2.03 = 0.67 sq. ft. 
Draft loss in boiler and economizer, 0.8 in. water (one-pass gas 
flow). 


Net economy = = 12-700 Bit.ue 


Station No. II — Steam pressure, 900 lb. per sq. in. 
Steam temperature, 750 deg. fahr. 
Back pressure, 1 in. Hg. 
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Cycle: Combination 2R + 2B. 

Fuel: Powdered coal burned with 20 per cent excess air. 
Economy per kw-hr. at shaft, 10,300 B.t.u. (See G, Fig. 14.) 
Correction for auxiliaries, electric generator and pipe losses, 12 per 


cent. 
Net economy per kw-hr. = ae = 11,700 B.t.u. 
Surface in steam-generating plant: 
Boiler + superheater-+ economizer = ae X 0.88 = 3.43 sq. 


ft. per kw. 

Surface in boiler, superheater, and economizer per kw. corrected 
for reheating = 0.822 X 3.43 = 2.8 sq. ft. 

Energy absorbed in reheaters per kw-hr. = 1850 B.t.u. = 18.2 
per cent of total. 

Economizer surface per kw. = 0.50 X 3.43 = 1.72 sq. ft. 

Air preheater = 0.2 X 3.48 = 0.69 sq. ft. per kw. 

Draft loss, boiler + economizer + air preheater = 6 in. water. 


Wo 


Station No. III — Steam pressure, 1000 lb. per sq. in. 
Steam temperature, 1000 deg. fahr. 
Back pressure, 1 in. Hg. 
Cycle: Combination 2R + 2B. 
Gross economy at shaft, 9700 B.t.u. (See H’, Fig. 14.) 


Net economy = ee = 11,000 B.t.u. per kw-hr. 
Surface in steam-generating plant: 
1 
Boiler, superheater, and economizer = — X 0.88 = 3.23 


sq. ft. per net kw. : 
Surface in boiler, superheater, and economizer corrected for re- 
heating per kw. = 0.755 X 3.23 = 2.44 sq. ft. 
Energy absorbed in reheaters per kw-hr. = 2370 B.t.u. = 24.5 
per cent of total 
Economizer surface per kw. = 0.50 X 3.23 = 1.62 sq. ft. 
Air preheater = 0.20 * 3.23 = 0.65 sq. ft. per net kw. 
Fuel: Powdered coal burned with 20 per cent excess air. 
Draft loss, 6 in. water. 


29 Inspection shows that station No. IL as compared to No. I 
has an 8 per cent lower fuel consumption but requires 68 per cent 
more surface in boilers and economizers and also 34 per cent ad- 
ditional surface in air preheaters. The pressure for station No. II 
is nearly 30 per cent higher and powdered-coal equipment is used as 
against stokers in station I. Station II must therefore be charged 
with the extra cost of: 


a One and seven-tenths times the surface at 30 per cent 
higher pressure 

b An additional 34 per cent in air preheaters 

c Increased draft auxiliaries 

d Extra cost of powdered-coal equipment 

e Additional surface in reheaters. 


However, for variable-load operation decreased stand-by losses 
and better combustion control in the powdered-fuel station may 
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lead to an actual fuel saving over a period of time several per cent 
greater than the above figure of 8 per cent, and before coming to 
any conclusion these important factors should of course be given 
their due consideration. Station No. III as against No. II saves 
about 6.3 per cent of the fuel with about 13 per cent less surface, 
excluding the reheaters, at 10 per cent higher pressure but at an 
initial steam temperature so much higher that the extra cost of 
maintenance and investment would make its use of doubtful 
value at the present time. Furthermore station No. HI will 
require considerably more reheating surface, as is shown by the 
figure of 2370 B.t.u. per kw-hr., as against 1850 B.t.u. per kw-hr. 
for station No. II. 


CONCLUSIONS 


30 The following conclusions may be drawn from what has been 
presented: 


a With increasing pressures and a limited steam temperature 
reheating is becoming essential for highest efficiencies. 

b The introduction of reheating stages does not operate to make 
bleeding stages less beneficial, and in the future stations both 
bleeding and reheating stages will probably be incorporated in the 
steam cycle. 

c Under present limiting conditions as to steam temperature 
there is little to be gained by using more than two reheating stages. 

d Reheating should be accomplished as early in the expansion 
period as possible. 

e For variable-load operation the reheating coils should pref- 
erably be placed in the gas-convection path screened from direct 
furnace radiation and the load on the steam generators maintained 
proportional to that of the prime movers. 

f For stoker-fired plants using the combination cycle material 
gains in economy should result by increasing pressures up to be- 
tween 700 and 800 lb., but beyond this point no apparent gains 
exist. 

g In powdered-fuel plants using the combination cycle material 
gains in economy may be expected by increasing pressures up to 
900 lb., but beyond this point no apparent gains exist. 

h To increase pressures materially above points noted in (6) 
and (g) will apparently result in an actual reduction of economy 
for the conditions stated. 

? For properly designed stoker-fired plants operating on the 
combination cycle at optimum conditions, economies of 13,000 
B.t.u. are apparently in sight. 

j For properly designed powdered-fuel plants operating under 
optimum conditions, economies of 12,000 B.t.u. and better appear. 
possible. 

k Future improvements in turbine design may slightly influence 
optimum pressures. Such improvements will, however, probably 
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lead to a proportional shift in the internal-machine-efficiency 
curve, resulting merely in a higher efficiency at nearly the same 
optimum pressure. 

! More accurate information on the properties of high-pressure 
steam may lead to a readjustment of optimum pressures for the 
conditions stated. It is thought, however, that only small read- 
justments will result from this cause. 


APPENDIX NO. 1 
THE REHEATING CYCLE 


31 Referring to Fig. 15, the one-stage reheating cycle is represented 
bye 52:34; 
Adiabatic work, 1 to 2 = i — 7s. 
Reheating at constant pressure, 2 to 3 = 73 — te. 
Adiabatic work, 3 to 4 = 73 — is. 
Total work = (41 — %2) + (é3 — a4). 
Total heat absorbed = (t1 — 24) + (is — 22). 
(4 = %) + Gs —%) 
(i, — U4) + (43 — 22) 


Thermal efficiency = 


32 Similarly, for the two-stage cycle (12’3/4’5’6’), 
Work = (71 — te’) + (ta’ — %4/) + (ds’ — 76"). 
Heat absorbed = (41 — 76’) + (¢s/ — %2’) + (as’ — 14’). 
Work 


Thermal efficiency = Pisa alsorked | 


33 It is to be noted that reheating in this analysis is carried to the 
initial steam heat content rather than to the initial steam temperature in 
spite of the fact that fulfillment of the latter conditions will result in a 
slightly higher optimum thermal efficiency of the steam cycle. By the 
former method steam temperatures in successive reheating stages are 
somewhat reduced, and that this condition is necessary if reasonable 
surface proportions are to be realized in two-stage reheating screened 
from direct radiation is apparent from the following statements. 

34 Assuming a stoker-fired plant at 83 per cent heat absorption, effi- 
ciency based on liberated heat energy, the ratio of gas to steam weights 
will be about as follows: For 600 lb. pressure, 750 deg. fahr, steam, 280 
deg. fahr. feedwater, and reheating 240 B.t.u. in 2 stages: 

Products of combustion per 10,000 B.t.u. liberated = 12.2 lb. 
Heat energy absorbed per 10,000 B.t.u. liberated = 8300 B.t.u. 
Lb. of steam generated per 10,000 B.t.u. liberated 


Hi 8300 
~ (1371 — 248) + 240 


12.2 


Lb. gas per lb. steam = 6.08 = 2 


= 6.08 lb. 


35 The gas-temperature drop per B.t.u. absorbed by steam’ will be 
nearly equal to 1/(0.25 X 2) = 2 deg. fahr. 

36 If the superheater and reheaters are to be screened from furnace 
radiation by boiler heating surface, the temperature of gases entering the 
superheating surface will probably not be over 1400 to 1500 deg. fahr. 
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The superheater absorbs 178 B.t.u. per lb. of steam. Hence the gas- 
temperature at entrance to the first reheater may easily be as low as £1400 
—(2X 178) =] 1044 deg. fahr., and at entrance to the second reheater it 
will be reduced to [1044 — (2X 120) =]794 deg. fahr. 

37 This would result in a temperature differential of less than 50 deg. 
fahr. between gas and steam at entrance to the second reheater, assuming 
counterflow. If the reheat is carried to the initial heat content only this 
differential is increased to over twice this value; i.e., 110 deg. fahr., and 
hence the surface requirements in the second reheater would be very 
materially reduced. 

38. For powdered fuel the surface requirements would be even greater 
because of the reduced gas weights, as with 20 per cent excess air the gas- 
temperature drop per B.t.u. absorbed in the reheater might easily increase 
to 2.5 deg. fahr. as against 2 deg. fahr. for the above case, and, if the initial 
steam temperature is 1000 deg. fahr., it would undoubtedly require reheaters 
exposed to furnace radiation for optimum reheats in a two-stage reheating 
cycle, whatever the fuel. 

39 For one-stage reheating much less heat is absorbed and hence 
temperatures could for most conditions probably be carried up to initial 
values with little difficulty. 


APPENDIX NO. 2 


BLEEDING CYCLES 
40 One-Stage Cycle (Fig. 16): 


Heat in bled steam per lb. = [%1 — (41 — %2)] = 22. 
(41 — %2) = adiabatic heat drop on Mollier chart from pi, t: to p2. 
Quantity of bled steam per lb. condensate: 
wate — (f2 — 32) ] = 1fte — th]. 
Solve for we. 
Ideal work by 1 lb. condensate 
= (41 —%) by adiabatic drop from p1,t: to pa. 
Ideal work by we lb. bled steam = we(i: — iz). 
Total work by (1 + we) lb. steam = (01 — tn) + we(t: — ie). 
Total heat absorbed by (1+ we) lb. steam 
= (1 + w2) [ti — (t2 — 32)]. 
Thermal efficiency of cycle 
af (1 = tn) + w2(t1 = 12) : 
(1 + wu) [a — (t — 32)] 


41 Two-Stage Cycle (Fig. 17): 


Quantity ws of bled steam: 
walts — (ts — 32)] = 1[ts — th]. 
Solve for ws. % obtained from relation 
da = [ti — (41 — 2a) ] 
in which (ti — 72) = adiabatic drop from i, t: to pa. 
In similar manner solve for w2 from relation 
: : welte — (t2 — 32)] = (1 + ws) [te — ts]. 
tz obtained by adiabatic drop to ps: from mi, ti: from relation 
de = [11 — (ti — %2) J. 
Total work by (1 + we + ws) lb. steam 
= (4 — tr) + wo(ti — 2) + ws(t1 — 1%). 
Heat absorbed by (1 + w2 + ws) lb. steam 
= (1 + ws + ws) [t1 — (t2 — 32)]. 
Thermal efficiency of cycle 
ts (41 — tn) + welts — %2) + walt — Zs) 
(1 + we + ws)-[t1 — (te — 32)] 


W. J. WOHLENBERG 759 


APPENDIX NO. 3 


COMBINATION CYCLES 


42 One Stage Reheating, Two Stages Bleeding. Referring to Fig. 18, 
the RBB-cycle is represented on the Mollier chart by path aben. On this 
path (2) and (8) represent bleeding points and ba the reheating stage at 
constant pressure to initial heat content after adiabatic. expansion from 


(1+ we)/b Feedwoter ot tz 
We /b. bled steam at tz 


“Initial steam conditions =t,,t;, Py; 


Bleeding point: Steam = iz, f2 ; Feedwater= tz 


‘Exhaust point: Stearn? = ty, Py Condensate = try 


~~ 1/b Condensate at ty 
Fig. 16 Diagram or Onzg-StaGe BLEEDING CYCLE 


(1+ Wp) /b. Feedwater returns 


' (1twerw;) /b. Feedwater returns 


Initial steom , 4 P,4 
~ We/b. Bled steam 


First bleeding aa es in steam path= 2nd stage 
in feedwater path, stearr= ts, pp; feedwater 
terip.= te 

Second bleeding Mees in steam path= /st stage 
inteedwater path, stean?=ts, p,; feedwater 
temp.=tg 

Exhaust point, steam= ly Py; condensate 
ter p.-th 


1/b condensate 
Fic. 17 Diagram or Two-Stack BLEEDING CYCLE 


initial condition to point b. The quantities of bled steam are solved for 
from condition points and temperatures just as in the bleeding cycle. 
The following relations will be found true: 


Work by 1 lb. steam through turbine = (ta — %) + (tc — in) = Wi 
Work by we lb. bled steam = wef (ta — 1) + (te — %2)] =W2 
Work by ws lb. bled steam = we[ (ia — 1b) + (ve — 42) J =Ws: 


Work by (1 + w2 + ws) lb. steam = Wi + We + Ws 
Heat absorbed by (1 + wz + ws) lb. steam 

= (1 + w2 + ws){ [ta — (te — 32)] + (ic — %) }. 
Thermal efficiency of cycle 


s Wi+W2+ Ws : 
~ (1 + we + ws) {Gia — (te — 32) + (de — tb) } 


43 Two Stages Reheating, Two Stages Bleeding. The RBRB-cycle is 
represented on the Mollier chart (Fig. 19) by the path abcden. Bleeding 
points are shown at (2) and (3), and reheating stages at constant pressure 
from b to c and from d to e after successive adiabatic expansions first from 
ato b and then from c to d. The quantities of bled steam are solved for 
as before from the condition points and temperatures involved, 
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Constant t 
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Entropy. 


Fic. 18 REPRESENTATION ON MOLLIER CHART OF COMBINATION CYCLE 
Havine OnE Stace REHEATING AND Two StTaGEes BLEEDING 


44 The following relations will be found true: 

Work by 1 lb. steam through turbine 

= (ta oa tb) ne (te <4 ta) ae (te i. tn) = 
Work by we lb. of bled steam 

= woli(Ga — 4b) (Cog as) all S45 oe od ad & wet. bees We 
Work by ws lb. of bled steam 

= wsl(ta — tw) + (te — ta) + Ge =t)J =... 2. W: 
Work by (1 + w2 + ws) lb. steam 

=Wi+ We+ Ws. 
Heat absorbed by (1 + ws) lb. steam 

= {1 hate) [te <adGs = 82) deine — a) EG aa) | ne 
Heat absorbed by we lb. steam 

=e. \ [ta ste — Oe) to ee — ib) = ee eee ee Q2 
Thermal efficiency of cycle 

- Wi+ We+ Ws. 


Qis + Qa 
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45 It is now apparent that in the solution of such problems it is neces- 
sary to find for each of the steam quantities, we, ws and the 1 lb. through 
the turbine, (1) the work done and (2) the heat absorbed. ‘The total 
work accomplished is the sum of the separate work quantities and the total 
heat absorbed the sum of the separately absorbed heat-energy quantities. 
The ratio of summation of work divided by summation of absorbed heat- 


maa 
za 
: 
a 


Heat Content i 
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Entropy 
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Havine Two Sraces REHEATING AND Two Sraces BLEEDING 


energy quantities is equal to the thermal efficiency of the cycle. In solving 
the problem care must be taken in determining just exactly how much 
work is done, and heat absorbed, by each of the steam quantities involved. 
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APPENDIX NO. 4 


RELATION BETWEEN INTERNAL MACHINE EFFI- 
CIENCY AND ADIABATIC END POINT 


Prime Mover No. I: 
30,000-kw. Westinghouse compound machine. 
Steam presstire, 215 lb.; back pressure, 1 in. Hg. ; : 
Steam consumption and heat converted to internal work as given in 


Table 4. 


TABLE 4 STEAM CONSUMPTION AND HEAT CONVERTED TO 
INTERNAL WORK — PRIME MOVER NO. I 


(2) (3) (5) (6) 


nt 
is 
LY 
> 
~ 
wv 
=> 
“I 
~ 


to 


converted 
work per lb. steam, 


Bitsue 
gland, governor and 


generator loss 
efficiency, per cent 


sumption 
[eol (3) X 1.065] 


Adiabatic end point, 
B.t.u. 


Superheat, deg. fahr. 
Corrected steam co: 
Corrected for bearing, 
Adiabatic drop 


Heat 


oS 
S 
= 
_ 
n 
on 
tw 
oS 
3S 
69 9 to 
NOOO 
Sor 
oo 
oO 
wo 
Saas! Internal machine 


2NDHoOo 
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Prime Mover No. II: 
30,000-kw. G. E. turbine. Steam pressure, 225 lb.; superheat, 150 
deg. fahr.; back pressure; 1 in. Hg. 
Steam consumption, 11.03 lb. per kw-hr. net. 
Rankine-cycle engine efficiency, 75.5 per cent. 
Efficiency of electric generator, 97.5 per cent. 
Mechanical efficiency of turbine, 99 per cent. 


d ; 0.755 
-. internal efficiency = 0.09 x0.075 > 78.3 per cent. 


Adiabatic end point, 875 B.t.u. 


Prime Mover No. III: 
60,000-kw. 3-cylinder Westinghouse turbine. Steam pressure, 220 lb. 
superheat, 150 deg. fahr.; back pressure, 1 in. Hg. 
Rankine-cycle engine efficiency from test, 76 per cent. 


Internal machine efficiency = = 78.8 per cent. 


0. 
0.965 
Adiabatic end point, 876 B.t.u. 

46 The curve represented in Fig. 10 is plotted from data given in 
columns 6 and 7 of Table 4. It is to be noted that computed points for 
prime movers II and III fall just below and above this curve, indicating 
that each machine will have its own curve. The deviation is so slight, 
however, that possible errors in assumptions if corrected might bring all 
three prime movers to the same point at the same end condition for the 
same back pressure. It is to be expected, however, that small differences 
will exist for machines of different types of practically the same output. 
The important thing is the trend of the curve, and this it is felt is very 
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nearly correct for the machine considered. Machines A and B might 
produce curves with a somewhat different trend, but probably the differ- 
ence would be very small. 

47 Such a relation, however, must be used with judgment as it is 
possible to effect materially the end point without drawing a corresponding 
influence on the mean condition of the steam throughout the cycle, as, 
for instance, by reheating the steam just before it is discharged. This 
process is of course exceedingly inefficient and will decrease the cycle 
efficiency itself. In general, therefore, we may say that the relationship 
is reasonably correct for a given machine at a given back pressure when 
the reheating is performed, as it should be, early in the cycle. In other 
words, when the cycle efficiency is favorably affected by reheating then 
the machine efficiency is likewise bound to be favorably affected. The 
following additional conditions should be kept in mind in using such a 
relationship: 


a The relation will be different for small machines from what it is for 
large machines 

b The type of the machine, especially in small sizes, will influence the 
relationship 

c For a given machine size and type the relation will be influenced 
by the back pressure. 


APPENDIX NO. 5 


SURFACE REQUIREMENTS IN THE REHEATERS 


48 When energy as heat is transmitted from gases through a metal 
wall to a liquid in contact with the other side of the wall the mean temper- 
ature difference is easily determined because the wall temperature will be 
practically that of the liquid which is absorbing the energy. For super- 
heaters, reheaters and air preheaters, however, the wall temperature due 
now to the existence of surface films on both sides, will be between that of the 
heat-absorbing and heat-rejecting medium. Before surface calculations 
may be made it is necessary to determine the probable wall temperature. 

49 These wall or surface temperatures will depend upon the relation 
between the rates of heat transfer on the two sides. For boilers and econo- 
mizers this ratio is very high; that is, the rate from surface to water is 
many times that from hot gases to surface. 

50 This rate of heat transfer for a given gas and surface arrangement 
depends primarily on the mean temperature difference and gas velocity. 
It varies also with the nature of the gas. 

51 A little thought will show that the wall temperatures may be varied 
at will by a difference in relation of gas velocities on the two sides of the wall 
and the higher the mean wall temperature the more surface will be required 
for a given heat absorption. Reheaters should therefore be designed for high 
steam velocities in order not only to decrease the surface requirements but also 
to decrease the cost of maintaining what surface is installed. For infinite steam 
velocities the heat transfer from gas to surface will be equal to that in boilers 
having the same difference in temperature between the hot and cold media. 
For any finite steam velocities the heat transfer must therefore be less. 

52 By equating the energy absorbed to that given up the mean wall 
temperature may be approximated as follows: 


KF (tg Ce aD) 7 KF (tw me ts) 

in which 
F 
Ky and Ks 
ty, ts and ty 


wall surface, 
coefficients of heat transfer, gas to wall and wall to steam 
respectively mean temperatures of gas, steam and wall. 


ll 


Wl 
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Solving for ty 


53 To apply this relation, the coefficients K, and Ky, must be evaluated. 
For boiler and economizer surfaces there are fairly good data available for 
determining the coefficient Kj. At least an approximation and the trend 
of variation of Ks may be found from the relation developed by Nusselt, 
and the conditions of his experiments are near those involved for convection- 
type reheaters used in Stations I and II. The temperatures involved for 
Station III are somewhat beyond the range of Nusselt’s experiments, but 
extrapolation may result in a fair estimate of what might happen. 

54 Nusselt’s relation is as follows: 


K, = 15.90 S24! ( 


WPCp 0.786 
0.214 


ABT 
in which 
walt = coefficient of conduction of gases at wall temperature 
d = diameter of tube, ft. 
w = velocity of gas, ft. per sec. 
Cp = specific heat at constant pressure, B.t.u. per lb. 
d = coefficient of conduction of gas at temperature in tube 
p = pressure of gas in tube, lb. per sq. ft. 
B = equivalent gas constant = PmVin/Tm 
Pm = mean pressure, lb. per sq. ft. 
Vm = mean specific volume, cu. ft. per lb. 
Tm = mean absolute temperature of gas in tube. 


For superheated steam 
dA = 0.01288 [1 + 241 x 10-5(¢ — 32) ] 
55 Application to Conditions of Station I. 


First stage Second stage 
Reheating pressure, lb. 
DET Seka me earn eee 240 80 
Temperature of steam at 
entrance to  reheater, 
deg liarem. ere eee 470 430 
Temperature of steam 
leaving reheater, deg. 
ZICH aT nen Nee aos hase engi! fy dai te 690 677 
Temperature of gases at 
entrance to _ reheater, 
degviahrise sneha tees 1044 794 
Temperature of gases 
leaving reheater, deg. 


Celie: 2) eee eee eee ee 794 554 
Mean steam temperature 
in reheater, deg. fahr. . 580 553 


Il 


1040 deg. fahr. abs. 


1013 deg. fahr. abs. 
Mean gas temperature in 


reheater, deg. fahr..... 919 674 
1379 deg. fahr. abs. 1134 deg. fahr. abs. 


56 Applying the conditions in the first reheater to Nusselt’s formula, 
the following values are obtained: 


ll 
ll 
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Await = 0.0306 Asteam = 0.0299 
B = 82.8 Cp = 0.545 
P = 34,600 T = 1040 
For a 2-in. tube, the following values of Ky are obtained: 
Steam velocity, ft. per sec......... 50.0 100.0 200.0 
‘Shaan Ee weieap nur aisgs. cine et ws eae iene 12.3 21.0 29.8 


57 We shall now arrange the reheating surface so that the mean coeffi- 
cient K, (gas to wall) is 7. For the condition stated, this would require a 
gas velocity of about 1500 ft. per min. Substituting in the foregoing rela- 
tion for ty, the mean wall temperatures are found to be as follows: 


Steararveloerty ths perisees wie. saws aioe e thts ale. ots 50 100 200 
Mean wall temperature ty, deg. fahr............... 702 664 644 
Mean temperature difference, gas and wall, deg. fahr.. 217 255 275 


58 Surface in First-Stage Reheater per Kw. From former data, the B.t.u. 
per kw-hr. absorbed in reheating for Station I = 10,150 x 0.175 = 1780. 
One half of this must be absorbed in the first-stage reheater = 890 B.t.u. 
The surface requirements may now be computed and are as follows: 


Steam velocity, ft. per sec. 50 100 200 
Surface per kw. in. 890 890, SD 
First-stage reheater, sq. ft. ee ee ee 255 xX 7 oaks 275 KT 0.46 


59 It is obvious that the steam velocity within the reheater has an 
appreciable affect on the surface requirements. Of_course the coefficient 
7 used on the gas side may be increased by increasing the gas velocity, but 
this involves an increase in the draft loss which may become prohibitive, 
whereas relatively a considerably larger steam-pressure drop in the reheaters 
will not be serious. 

60 For the second-stage reheaters, the mean temperature difference 
between gas and steam is about onethird that in the first reheater and 
therefore the same heat absorption, other conditions remaining the same, 
will require three to four times the surface, resulting in total reheating- 
surface requirements equal to or greater than that placed in the boiler, 
economizer, and superheater. 

61 It appears, therefore, that two-stage i tiemtine may require an ex- 
cessive amount of surface unless it is found feasible to absorb from one- 
third to one-half of the energy for reheating directly from furnace radiation. 
Conservative design would thus seem to dictate the adoption of the com- 
bination cycle having one reheating stage and probably two or three bleeding 
stages. 
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DISCUSSION } 


F. H. Rosencrants.? The author suggests under the heading 
Parallel Feed Heating that the highest efficiency might be ob- 
tained by splitting the feedwater into two parts, utilizing one in 
the economizer and one in the bleeder heater system. He points 
out that to work efficiently the economizer must receive reasonably 
cold water. The point seems to have been overlooked that this 
is also a requirement for the highest efficiency of feedwater heating 
by extracted steam. It has been well established that the turbine 
room can make better use of the low range of heating of feedwater 
by means of extracted steam than can the boiler room by means 
of flue gas. As a result of this the usual practice is to heat the 
feedwater to from 180 deg. to 225 deg. fahr. with bled steam before 
passing it to the economizer, Recent calculations have shown 
rather conclusively that the highest efficiency was obtainable by 
heating both air and feedwater with steam extracted at a low 
pressure; completing the heating of the feedwater with flue gas 
in an economizer. The cost of the air preheaters did not, however, 
make this commercially attractive. 


W. J. WoHLENBERG.? The authors have treated their problem 
in a most comprehensive manner, particularly for all possible 
ideal cycles to which practice may look as a standard. If 
machines can be built with uniformly high internal machine effi- 
ciencies throughout the range of conditions, there would be little 
left for argument. Since we have not perfect machines, certain 
questions arise. , 

The first of these is in connection with Fig. 20, in which curve 
D for the regenerative cycle falls considerably below curve A 
for the Rankine cycle. In the present state of development 
there may be certain losses in connection with stage heaters 
which will tend to decrease the machine efficiency of the regen- 
erative turbine. On *he other hand, the reduction of steam 
loading in the last rows of blades should materially increase the 
efficiency of that section, and it seems, therefore, that the in- 
ternal efficiency of the regenerative machine should be nearly 
equal to or greater than that of the Rankine-cycle machine. 

Undoubtedly the lower turbo-generator efficiency assigned to 
the regenerative machine is due to basing the available energy 
for the cycle on an infinite rather than on a definite number of 
bleeding stages. That is, efficiencies taken from curve D correct 


1 Complete discussion of four papers preceding is followed, on pages 
802-823, by authors’ closures. 

2 Discussion refers to Paper No. 1913 a, p. 644. 

3 Discussion refers to Paper No. 19135, p. 663. 
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for imperfections in the machine as well as for imperfections in 
the actual cycle as compared to the ideal. The term as used is 
thus a combination of cycle and machine-loss correction co- 
efficient, imstead of simply a machine efficiency. The same 
arguments probably apply to consideration of curves B and E. 

The next question deals with the extrapolation of present test 
data on internal machine efficiencies to determine expected 
values beyond the range of present practice, particularly when 
reheating is to be used. This involves consideration of the 
conditions influencing internal turbine losses, which are largely 
determined by the mean condition of the steam as outlined in 
Appendix No. 4 of the writer’s paper.t. With proper precau- 
tions, the method there outlined should lead to accurate deter- 
minations of internal machine efficiencies. 

The application of this method derives the curves in Fig. 
18? for the various cycles indicated. It will be noted that all 
curves appear in their proper relation, and the variation of 
trends appears as it logically should. The Rankine- and regen- 
erative-cycle curves are steeper than the others, and the slope 
decreases with increase of reheating in the various cycles. All 
curves shown, excepting that for the high-temperature cycles, 
have steeper slopes than the corresponding curves of Fig. 20, 
and the divergence of slope between the regenerative and the 
various reheating cycles is considerably greater in Fig. 18? than 
is the case with the author’s curves. This difference alone will 
account in large measure for the more advantageous position 
that reheating assumes in the writer’s paper above mentioned. 
Which set of curves is more nearly correct probably cannot be 
determined until more data under high-pressure conditions are 
available. 

Referring to Par. 59, reheaters are assumed to absorb 3700 
B.t.u. per sq. ft. per hr. A recent analysis indicates this value 
to be too high if both superheater and reheater are placed in 
the convection zone and screened from direct furnace radiation. 
For such conditions 2000 B.t.u. seems a more suitable figure 
for the reheater. In a radiant-type reheater the absorption 
would be at a much higher rate. 

In Par. 92 are recommendations for the extraction of moisture 
from the turbine. Undoubtedly if a practical device were found 
which would continuously maintain the steam in the turbine in 
a dry gaseous state, reheating would be much less important. 
However, beyond the point of saturation in the expansion, mois- 
ture will appear in each row of blades even if the steam entering 
the row is dry. To approximate the gaseous condition through- 

1 Reheating in Central Stations. See page 741. 

2 The Fig. 18 referred to here is the Fig. 18 used in the closure of the 
discussion of the writer’s paper on Reheating in Central Stations. See 
page 820. 
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out it would be necessary to install a large number of moisture- 
extraction stages, which seems impracticable. Reheating obvi- 
ously moves the saturation point much further along the expansion 
line. It is logical to assume that no practicable moisture- 
extraction device could improve the internal machine efficiency 
to the same degree as appears possible by reheating. Here again 
the importance of the influence depends upon which of the curves 
under discussion is more nearly correct. 

In this connection, it is highly important to have accurate 
data on the influence of conditions on internal turbine losses. 
It is apparent that, for the conditions chosen, the results shown 
in the first parts of the papers, both the authors’ and of 
writer’s,} are not debatable. However, in relating ideal and 
actual performance, debatable differences appear in the trends 
for machine efficiencies adopted. When considering high pres- 
sures, the field of ignorance is still so wide that various possible, 
and apparently logical, assumptions dictate serious differences 
in design. It appears, therefore, that a careful research in this 
field is at this time of great importance to the central station. 
Furthermore, no clear-cut direction may be given in new de- 
signs until these data are available. Whether such data may be 
made available other than by cut-and-try methods is an open 
question. 


F. H. Rospncrants.2 The study made by the authors elimi- 
nates, from the commercial standpoint, all cycles except the 
regenerative cycle D and the regenerative-reheat cycle E. Of 
these the regenerative cycle results in a simple and cheaper 
plant. The regenerative-reheat cycle must then justify itself by 
a substantial fuel saving to render it commercially superior. 

The authors have limited the regenerative feature in both 
cycles D and E to that part of the cycle lying below the inter- 
section of the adiabatic-expansion line and the saturation line. 
The upward slope of the efficiency curves for cycle D where 
they terminate at the saturation line in Fig. 11 shows that cycle 
D. may be considerably improved by extending the regenerative 
process into. the superheat region. The efficiency of this cycle 
will be a maximum when the regenerative process is extended 
into the superheat region to the limit of feedwater heating im- 
posed by boiler-pressure saturation temperature. 

Increasing the initial steam temperature from 700 to 800 deg. 
fahr. affects the efficiency of regenerative cycle D slightly, as 
stated by the authors, only for the calculations made in the 
paper. Had the regenerative process been carried to the limits 
noted above, the efficiency curves for the two temperatures 


1 Reheating in Central Stations. See page 741. 
* Discussion refers to Paper No. 1913b, p. 663. 
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shown in Figs. 10 and 12 for cycle D would have been much 
further apart. 

In Part II of the paper, in analysis of plants operating on 
cycles D and H, the authors employ six more or less independent 
variables and processes as contributing to the economies, indi- 
cated as follows: 


a Steam pressure 

b Steam temperature 

c Reheating steam after a partial expansion 
d Heating feedwater with bled steam 

e Heating feedwater with flue gas 

f Heating combustion air with flue gas. 


They might also have added the heating of combustion air with 
steam bled from the main turbine. 

This process, as well as processes d, e, and f, aims to reduce 
the heat losses to condenser and stack by intercepting heat on 
its way to these points and returning it to the system via the 
feedwater and combustion air. The amount of heat that can 
be thus saved is limited by the heat-absorbing capacity of the 
air and water. The boiler room is deprived of this heat-absorb- 
ing capacity to the extent of its utilization in the turbine room. 
Since for each degree of temperature rise the water will absorb 
a little over twice as much as the air, and the capacity of the 
air is a little over 90 per cent of the heat content of the flue 
gas per degree, the combustion air has ample capacity to absorb 
as much heat from the flue gas as is commercially economical. 
The turbine room is thus free to utilize to the fullest extent 
practicable the heat-absorbing capacity of the feedwater. The 
ability to use highly preheated air in the combustion process is 
presupposed, as is the development of air heaters to accomplish 
the desired results on a commercially economic scale. The 
writer has considered the heating of combustion air with bled 
steam and the heating of feedwater with bled steam and flue 
gas in his discussion of Mr. Robinson’s paper on the Margin 
of Improvement in Central Station Practice.t 

The energy generated per unit volume of steam at the exhaust, 
mentioned in Par. 35, will be a maximum for its regenerative 
cycle, and will increase with the extension of the regenerative 
process up to the limit of boiler feed heating with bled steam, 
i.e., up to boiler-pressure saturation temperature. While the 
cost of the heaters for the regenerative process is justified in 
part in Par. 96 by the fact that the surface in the main con- 
denser may be correspondingly reduced, dimensions of turbines 
at present are limited at the low-pressure end by mechanical 
difficulties rather than by economic considerations. Hence re- 


See page 644. 
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lieving the low-pressure end of part of the normal weight of 
steam handled may possibly enable it economically to use a 
higher vacuum, and therefore justify the cost of the condensing 
equipment to produce it. In such a case the condenser with 
bleed heaters may be as large as the condenser without them. 

The authors state that to date only the surface type of 
heater has been used. The writer’s company has adopted a 
contact type of heater in four plants now being designed, for 
absorbing steam from the middle one of three bleed points. 
These heaters discharge to the hot-water surge tank. They are 
much cheaper than the surface-type heater, and form an excel- 
lent point for deaération of the feedwater. They are also a con- 
venient point for discharge of condensate from such equipment 
as high-heat-level condensers of the evaporator plant, the con- 
densate from the high-pressure bleeder heaters, and from various 
drips and drains. 

While the labor of computing the economical heating surface 
and corresponding boiler-plant efficiency for each cycle would 
be arduous, as pointed out in Par. 40, the assumption of the 
same boiler-room efficiency for all cases detracts from the value 
of the paper. It is certain that it will cost more to obtain a 
given boiler-room efficiency for cycle D, which returns the feed- 
water to the boiler at the maximum temperature of all the 
cycles, than to obtain the same efficiency when using the Rankine 
cycle and returning the water at 75 deg. fahr. Fortunately 
the temperatures of the water returning to the boiler room in 
cycles D and E are not very different. The difference is in 
favor of cycle E, so far as boiler-plant efficiency is concerned. 

Par. 90 suggests the use of a reheater, using steam whose 
heat at the throttle is 100 deg. in excess of that desired, to reheat 
the steam after partial expansion in the turbine. It may be 
asked if the turbine is the limiting factor so far as temperature 
is concerned. It seems to be a fact that the turbine can utilize 
steam at as high a temperature as present-day piping and 
superheaters can safely supply. This being true, any transfer 
of heat from steam at throttle pressure to steam at lower 
pressure can obviously only result in a loss of economy. 


J. N. Lanpis.t. Fig. 4 as drawn by the authors, while satis- 
factory for computing the cycle efficiency, is not a temperature- 
entropy diagram for the regenerative cycle. This fact is evi- 
dent when one considers what the fundamental agreement is 
for which the ordinary temperature-entropy diagram is drawn, 
ie., that all parts of the working fluid. traverse identically the 
same cycle. With the regenerative cycle, the working fluid may 


1 Brooklyn Edison Co., Brooklyn, N. Y. Discussion refers to Paper 
No. 1913!b, p. 663, 
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be divided into several parts, one of which traverses the ordinary 
Rankine cycle, while the others are bled out of the turbine at 
pressures above that in the condenser. 

Referring to Fig. 4, the line ab represents addition of na at 
constant pressure, the line from 6 to the saturation line repre- 
sents an isothermal expansion, the 
line from the saturation line to 
the point c is a line of superheat 
at constant pressure, cd a line of 
adiabatic expansion, and ea an 
isothermal contraction. It is seen 
that all of the lines with the ex- 


—> Temperature. 


_Fia. 2 


Brau £ THREE-DIMENSIONAL 
TEMPERATURE-ENTROPY D1A- 
GRAM FOR THE ORDINARY 
RANKINE CYCLE 


ception of de have a physical in- 
terpretation. To represent each 
change of state on the tempera- 
ture-entropy diagram a line is 
necessary; therefore, to represent fre. 3 TEMPERATURE-EN- 
the changes of state of particles TROPY DraGRAM oF THAT 
of steam passing from different ere! Rew hipaa 
initial conditions through an in- Bie atta Ue aera tery ote a 
finite number of heaters would re- 
quire an infinite number of lines, all of the changes being different. 
The single line de cannot in itself represent the required infinite 
number of lines, therefore it can have no physical interpretation. 
Hence Fig. 4 is not a proper temperature-entropy representation 
for the regenerative cycle, for with the proper representation 
all lines can be interpreted physically. 

It is suggested for the purpose of representing any cycle 
wherein different parts of the working fluid traverse different 
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cycles that the temperature-entropy diagram be drawn in three 
dimensions rather than in two as heretofore. Fig. 1 is the 
three-dimensional temperature-entropy diagram for the ordinary 
Rankine cycle. It will be evident 
from the following consideration 
how this can be drawn. Con- 
ceive of Fig. 2 as representing 


ae 


(a) 


Fig. 5 Sinete TEMPERATURE- 
Entropy DiaGRAM REPRE- 
SENTING THE CHANGES IN 
THE ENTIRE STEAM WHICH 

N PASSES THROUGH THE TUR- 

BINE IN THE REGENERATIVE 

CYCLE 


Fie. 4 


sheets of codrdinate paper so 
stacked in the corner of a box 
as to stand parallel to the plane 
TN. Now let one pound of the 
working fluid be divided into the same number of parts as 
there are sheets of paper. If on each sheet a temperature- 
entropy diagram be drawn for one of the great number of parts 
into which the fluid has been divided, a great number of exactly 
identical diagrams will result. These when stacked together 


Fig. 6 View or Fic. 5 FROM 
A DIFFERENT ANGLE 
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again in the corner of the box give Fig. 1, which has depth 
to represent the fact that a specific weight of working fluid is 
under consideration. It is only because in the ordinary Rankine 
cycle all parts of the working fluid traverse the identical cycle 
that it is possible to ignore the element of depth and to draw 
the temperature-entropy diagram in but two dimensions. When 
using three dimensions to represent a temperature-entropy dia- 
gram, the units along the horizontal axis in the plane of the paper 
will represent units of entropy 

measured in B.t.u. per deg. fahr. 

per lb. Units along the vertical 

axis will represent deg. fahr. 

absolute, and the units along ed mites 

the horizontal axis, perpendicu- 

lar to the plane of the paper, j7 

will represent pounds. The 

product of these three dimen- Heat Abstracted in Turbine 
sions will give B.t.u. 

Fig. 3 shows the tempera- 
ture-entropy diagram of that 
portion of steam which is bled 
out of the turbine in the regen- 
erative cycle. This figure is 
based on the following reason- 
ing: With Fig. 2 again in mind, 
conceive of the fluid as divided 
into a number of parts equal 
to the number of sheets of co- 
ordinate paper. Upon the sheet 
immediately adjacent to the 
plane 7‘N the temperature- 
entropy’ diagram for the minute 
portion of steam bled out at the s 
first or highest pressure heater ‘aie A ene cal ethic aera 
is drawn. This particular dia- Aan NGL aEEGas 
gram is shown in Fig. 4 (a). 

Upon the second sheet imagine the temperature-entropy diagram 
drawn for the steam bled out at the second heater. This diagram 
will differ from that in Fig. 4 (a) only in that the isothermal con- 
traction line will be at a slightly lower temperature than the 
line from d to a in Fig. 4 (a). On each sheet, in order, a tem- 
perature-entropy diagram for the small portion of steam bled 
out at each sucessive heater is drawn. ‘The diagram for the 
smal! portion of steam bled out at the last heater is shown in 
Fig. 4 (b) and is practically identical with the diagram for a 
minute portion passing through the condenser. Figs. 4 (a) and 
4 (b) constitute limits, in that all of the isothermal contraction 
lines on the many diagrams fall between the line da in Fig. 
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4 (a) and ea in Fig. 4 (b). If now all of the diagrams be 
again stacked, in order, Fig. 3. results. 

The diagram for that portion of steam which passes through 
the condenser in the regenerative cycle is of the same type as the 
diagram in Fig. 1, excepting that it has a lesser depth by the 
amount.of the depth assigned to Fig. 3. If a single tempera- 
ture-entropy diagram is desired which will represent the changes 
in the entire steam which passes through the turbine in the 
regenerative cycle, Figs. 1 and 3 can be combined as in Fig. 
5. Fig. 6 shows a view of Fig. 5 from a different angle. 
In Fig. 7 the different parts of Fig. 6 have been separated and 
displaced. The uppermost block represents the heat which is ab- 
stracted from the working fluid in the turbine, the lowermost 
block the heat which is rejected to the condenser, and the central 
block that part of the heat which Mr. Orrok has so aptly termed 
“the circulatory heat.” The efficiency of the regenerative cycle 
in terms of these blocks of heat is expressed by the ratio be- 
tween the uppermost block as numerator and the sum of the 
uppermost and the lowermost blocks as denominator. 

The authors have limited themselves to a consideration of 
bleeding at the saturation point, and state that their representa- 
tion is not applicable when there is bleeding in the superheat 
region. With the representation here proposed, it is possible to 
draw the diagram for any cycle and conditions whatever. 

In conclusion, it should be understood that when it is pos- 
sible to use such a simple device as the authors’ Fig. 4 in 
making computations, advantage should most certainly be taken 
of it. However, for the purpose of analyzing various cycles to 
gain a picture of the physical changes undergone, a system of 
representation of perfectly general application should be used. 


R. B. Purpy.! Except for steam conditions, the Marysville 
and Connors Creek plants of The Detroit Edison Company are 
of essentially identical design. Because of this they offer an 
excellent opportunity to demonstrate how closely the theoretical 
gains in economy due to higher steam temperatures and pressures 
are approached in actual practice. 

Table 1 shows the operating conditions at the two_ plants. 
Table 2 sets forth the economies actually obtained, and the 
same economies after corrections have been applied. These 
tabulations are weighted averages of figures taken from monthly 
reports for a period of twelve months. 

~The actual thermal improvement shown by Marysville is 4 
per cent. This improvement, however, does not represent the 
improvement due to high steam temperature and pressure, as it 


1 The Detroit Edison Co., Detroit, Mich. Discussion refers to Paper 
No. 1913 b, p. 663. 
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will be noticed that the back pressure, boiler efficiency, turbine 
efficiency ratio, and auxiliary use are not the same at both 
plants. If the exhaust pressure at Marysville were the same as 
at Connors Creek, the performance would be somewhat worse. 


TABLE 1 OPERATING FIGURES OF MARYSVILLE AND 
CONNORS CREEK PLANTS 


Connors Marysville 
Creek 
Steam-pressure, lb. per sq. in. gage........... 220. 284. 
Exhaust pressure, in. Hg abs................. 1.218 1.109 
Steam temperature, deg. fahr..............4. 598. 658 . 
Average monthly load factor................ 0.546 0.571 


Applying average corrections for variation of turbine steam rate 
with exhaust pressure gives the Marysville results in line 4, 
Table 2. 

A second correction is made because of the better Rankine- 
eycle efficiency ratio of the Marysville turbines. If the Marys- 
ville machines were reduced to the same efficiency ratio as the 
Connors Creek machines the plant economies would be as shown 
in line 5, Table 2. 

A third correction is applied to reduce the Marysville boiler- 
room efficiency to that of the Connors Creek. Although: this © 
increases the thermal cost of power at Marysville it does not 
change the steam rate. Line 6, Table 2, gives these results. 

A fourth correction is for auxiliary use. The value of this 
quantity for Marysville has been established on the assumption 
that the auxiliary use per kilowatt-hour of output is the same 
as at Connors Creek except for boiler-feed-pumping energy. 

The auxiliary use for the two plants, in pounds of steam per 
kilowatt-hour of net plant output, is as follows: 


Total Boiler All 
Feed Others 
C@gnriors:CreskaG on... eso. 0.33 1.00 
Miarysvalle. . .jke'hs. os. 1.64 0.49 1.15 


The auxiliary use, aside from boiler-feed pumping, is higher at 
Marysville than at Connors Creek, because the Marysville plant 
is of relatively small capacity, being only the first section of a 
plant which will ultimately be much larger. Connors Creek is a 
complete unit. Boiler-feed pumping is, of course, different for 
the two plants by reason of the higher steam pressure at 
Marysville. To reduce the Marysville auxiliary use to Connors 
Creek conditions, the Marysville boiler-feed pumping (0.49) 
has been added to all other auxiliary uses for Connors Creek 
(1.00), giving the total figure of 1.49 lb. per kw-hr., which is 
0.15 lb. per kw-hr. less than the actual. Oorrection for this 
quantity affects the plant steam rate, but not the turbine steam 
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feed work were the same as at Connors Creek, the improve- 
ment would be 5.3 per cent. The improvement in B.t.u, 
per kw-hr. (2.0 per cent) is below the improvement in plant 
steam rate (4.3 per cent) largely because of a higher factor of 
evaporation at Marysville. If the Marysville factor of evapora- 
tion were the same as at Connors Creek, the improvement would 
be 4.0 per cent. 

It is of interest to note that the authors show the improve- 
ment in B.t.u. per kw-hr. from 220 lb. per sq. in. gage to 284 
lb. per sq. in. gage to be 2.4 per cent. This compares well 
with the figure of 2.0 per cent obtained in the above comparison. 


V. S. Aupen.t The writer believes that Professors Hirshfeld , 
and Ellenwood have not given the regenerative cycle full credit 
and that its efficiency as given in their paper has been shown 
too low in Fig. 20. If, in a particular turbine, the Rankine- 
cycle ratios for the different individual stages are taken, the 
efficiency of the first stage may be 77 per cent and that of 
the third or fourth stage as high as 84 per cent. After the 
fourth stage, the efficiency of each succeeding stage is lower, 
down to the last stage. Taking into account the leaving losses 
the efficiency of this stage may be as low as 67 per cent. It 
is quite evident that if instead of the efficiency ratio of the dif- 
ferent individual stages we take the cumulative Rankine-cycle 
efficiency ratio, the steam that is bled out beyond the fourth stage, 
Le., the stage of maximum efficiency, will operate with the highest 
Rankine-cycle efficiency ratio, and on a higher ratio than the 
steam that passes all the way through the turbine to the con- 
denser. 

The main losses at the head end of the turbine, such as 
leakage losses past the high-pressure packing, throttling losses 
and disk-friction losses, are fairly constant in value. Expressed 
on a percentage basis, they vary inversely as the volume of the 
steam flowing from the turbine. Thus the percentage of loss at 
the head end decreases as the percentage of steam bled from the 
turbine increases. The foregoing and other reasons lead the writer 
to doubt the rather low value of efficiency given for the regenera- 
tive cycle by Professors Hirshfeld and Ellenwood. 

It is commonly held that the most effective use of the regenera- 
tive cycle and the bleeding of steam from the early stages of the 
turbine is in unloading the later stages of the turbine and de- 
creasing the leaving losses. This idea is a fallacy. The proper 
procedure with a standard turbine from which a considerable 
amount of steam is bled out of the early stages is not to decrease 
the steam flowing through the last stages as compared with opera- 
tion without bleeding, but to increase the quantity of steam pass- 
ing through the early stages. Comparatively minor modifications 


1 Discussion refers to Paper No. 19135, p. 663. 
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in the early stages of the machine will permit this and lead to a 
considerable increase.in the maximum capacity of the turbine. 

In regard to the use of high steam pressvres and high tempera- 
tures the writer has compared designs for a new station based on 
205 lb. pressure at the throttle and 700 deg. fahr. temperature, 
with designs for the same station based on 365 lb. and 700 deg. 
The high-pressure station had four-stage bleeding and the low- 
pressure station three-stage bleeding, feedwater being heated to 
374 and 291 deg. fahr. in the respective cases. The high-pressure 
station with identical boiler equipment has seven per cent greater 
output than the low- -pressure station, notwithstanding the fact 
that the volume of steam going through to the condenser is 24 
per cent less. The cost per kilowatt of maximum installed station 
capacity for the high-pressure layout is at least two per cent less 
than for the low-pressure station, by reason of the greater ca- 
pacity from both boiler-house and turbine units due to the higher 
pressure and four-stage bleeding. 


Frank 8. CuarK.t| When required to actually determine the 
cycle or combination of cycles to be adopted for a new station, 
the extent to which the advantages of these cycles are to be 
made available, and the possible future developments which it 
may be desired to incorporate later, the designer must take into 
account certain factors other than those considered by the 
authors, of which the following are some examples. 

As the economic application of possible methods for reducing 
fuel consumption is governed largely by the available load factor, 
it appears practicable to employ greater refinement for part of 
the total station capacity than for the remainder of that capacity. 
Thus, with some load characteristics it may be advisable to. em- 
ploy 1000-Ib. steam with the reheating-regenerative cycle for such 
part of the capacity as may be operated continuously at practi- 
cally 100 per cent load factor, and to employ a lower steam pres- 
sure with only a regenerative cycle for the less constant portion 
of the load. 

The authors limit the discussion of the regenerative cycle to 
the bleeding of saturated steam only. The extension of bleed- 
ing into the zone of superheat apparently would improve the 
overall efficiency still further and would also considerably affect 
conclusions as to the advantages of reheating in combination with 
the regenerative cycle. 

The practicability of employing in turbines now available the 
proposed high pressures without reheating, is still open to ques- 
tion. There is a decided variation in assumptions as to the 
decrease in turbine efficiency with increasing pressure, and this 
has been responsible for a similar variation in prediction as to 


1 Discussion refers to Paper No. 1913}, p. 663. 
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the economic value of reheating the steam. Definite conclusions 
on this matter must evidently await actual determination of ‘the 
efficiency and serviceability of turbines with extremely wet steam 
in the lower stages, or the demonstration of a turbine design 
which will mechanically eliminate the moisture as anticipated 
by the authors. 

If we permit ourselves to consider undeveloped possibilities, it 
appears that there would be both theoretical and practical ad- 
vantages in reheating at the turbine by means of high-pressure 
steam or some other medium such as mercury vapor, which 
would provide the required heat by condensing at constant tem- 
perature. The temperature of reheating would thus be auto- 
matically controlled, the points of reheating could be chosen 
so that they would be most favorable to regenerative extraction, 
and the method would permit the isothermal-regenerative cycle 
to be more closely approximated. 

As steam pressures are increased and refinements are intro- 
duced the cost of the equipment does not always increase by 
small increments but rather by relatively large steps. It is 
accordingly obvious that the economic selection of the pressure 
and cycle of operation may be quite different from that which 
would be indicated by smooth curves covering the entire range 
of possibilities. 


Water M. Keenan.! The method of determining the steam 
conditions at the various bleed points by means of a Mollier dia- 
gram raises a question as to the information that should be furnished 
by the manufacturer. In most cases the turbine manufacturer can 
offer to supply bleed points at, say, five stages of the turbine and 
the designer can select two or three of these points to be used as 
the extraction points for feedwater heating. In certain cases, 
however, -where neither the complete design of the turbine has 
been worked out nor the water rates determined, the manufacturer 
will want to know the bleed temperatures required and the quan- 
tities of steam to be extracted; and the station designer will want 
to know what the water rates of the machine will be and the steam 
characteristics at various points in the turbine that might be avail- 
able for the extraction, before calculations can be started. The 
result apparently is a vicious circle. If, therefore, turbine manu- 
facturers supplied as part of their proposals Mollier or similar 
charts showing the steam conditions throughout the machine, 
the confusion and dissatisfaction that now prevails in giving com- 
plete and proper information for plant design would' be largely 
eliminated. ; 

In connection with the authors’ computation tabulation, Fig. 7, 
‘the writer presents a method which he has used for three or four 


1 Discussion refers to Paper No. 1913¢, p. 713. 
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years to work out heat-balance problems. It is presented more as 
a supplement to the computation tabulation than as an entirely 
different method to be followed. As applied to the problem, out- 
lined in the paper, of a turbine having two extraction points, this 
scheme uses three simple equations of the first degree, the three 
unknown quantities being 


X = total lb. of steam flowing to the throttle 
Y = lb. of steam extracted for the low-pressure heater 
Z = |b. of steam extracted for the high-pressure heater. 


The first equation is based on the assumption that the steam 
flowing through the turbine divides itself into three parts. The 
first part flows all the way through to the condenser, and its water 
rate WRx is assumed to be the same as that of the machine without 
bleed. The power produced by this part will then be 


_ Lb. of steam to condenser 
3 WRx 
The second part flows to the low-pressure bleed point. The 
water rate of this part is found by the formula 
3416 
(Hx - Hy) X Ey X Em 
where Hx = heat content of steam at throttle, B.t.u. per lb. 
Hy = heat content of steam at low-pressure bleed point, 
B.t.u. per lb. 


E, = generator efficiency 
Em = mechanical efficiency of the turbine. 


Kw. 


Water rate = WRy = 


The equivalent power of this bled steam then would be 


K Lb. of steam to low-pressure bleed 
Wis Y, = shave sola pprpps ais oncaies De 


Ina similar manner the water rate of the third part of the steam 
— that flowing to the high-pressure bleed point — is determined. 
The equivalent power of this steam is 


Kw.z = bof steam to high-pressure bleed 
WRz 


Equation [2], following, is based on equating the heat entering 
and leaving the low-pressure heater. Equation [3] is based on 


equating the heat entering and leaving the high-pressure heater. 
The equations are 


coe fi Y Z nei 
WRx Why WRz7 Lotaloutput, kw. ©... [4] 
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(X — Y— 2Z)(t—h) = Y[Hy — (t, — 32)]4+ Y(t, — &) + 


Z(tz — te) . SES UNG Patel s) adie be Llegaste 
X(ts— t) = ZCHy — (t _ 39)] ec) oN geen Sal 
where ft; = initial temperature to low-pressure heater, deg. fahr. 

t2 = initial temperature to high-pressure heater, deg. fahr. 

ty = saturation temperature of steam at low-pressure heater 
pressure, deg. fahr. 

t, = saturation temperature of steam at high-pressure heater 


pressure, deg. fahr. 
t; = final feedwater temperature of high-pressure heater, deg. 
fahr. 
other notation being given above. 


Similar equations readily may be made for any number of heaters 
to be installed. With this simple method any conditions imposed 
by the actual plant layout, such as desired temperature differences 
between steam and water, means of handling the heater condensate, 
etc., may be included in the equations. The solution of the equa- 
tions will give values for the unknown quantities that are simul- 
taneously in accord, without resorting to cut-and-try methods to 
make them agree. 

The writer has worked out the case presented by the authors for 
the most economical load, using the above equations, and finds 
that his results vary somewhat from those obtained by the authors. 
A check of the authors results shows a discrepancy of some 0.5 
per cent between the heat supplied by the bled steam and the heat 
absorbed by the feedwater. Just such an error is avoided by the 
use of simultaneous equations. In the example below, the figures 
are taken from the tabulation computation, Fig. 7, the figures in 
parentheses being the item number in the tabulation where the 
value used can be found. 


EXAMPLE. — From Fig. 7 we have the following values: 
Heat at throttle (6) = 1356.5 B.t.u. = Hx 
Heat at low-pressure nozzle (19) = 1079.0 B.t.u. = Hy 
Generator efficiency (4) = 0.964 
Heat at high-pressure nozzle (19) = 1141.0 B.t.u. = HZ 
Water rate of turbine without bleed (2) = 9.53 lb. per kw-hr. = WRX 
Output at most economical load (1) = 18,680 kw. = P 
Initial temperature to low-pressure heater (27) = 79 deg. = t 
Initial temperature to high-pressure heater (27) = 150 deg. = t2 
Saturation temperature of steam at pa Pear heater pressure (15) 


= 157 deg. =ty 
Saturation ee aie of steam at Lisnarsenns heater pressure (15) 
= 217 deg. = 


Final temperature feedwater (16) = 210 deg. = és 
Calculation of WRY 
Heat drop = hz = Hx — Hy = 1356.5 — 1079.0 = 277.5 B.t.u. 
Heat per lb. of steam to produce 1 kw. = he X Ey = 277.5 X 0.964 
= 267.5 B.t.u. 
WRy = 3416/267.5 = 12.75 lb. per kw. 
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Calculation of WRZ 
Heat drop = i = Hx — Hz = 1356.5 — 1141.0 = 215.5 B.t.u. 
Heat per lb. of steam to produce 1 kw. = 215.5 x 0.964 = 208.0 B.t.u. 
WRz = 3416/208.0 = 16.4 lb..per kw. 
Equation of Load 
Substituting the necessary values in Equation [1], we have 


Raa yng UN ity Z 
= 18,680 
Wee * Wry wre 8 


whence 
X — 0.253Y — 0.419Z = 178,000. 


Equation of Low-Pressure Heater ; 
Substitution of the values in Equation [2] gives 


(X — Y¥ — Z)(150 — 79) = Y[1079 — (157 — 32)] + Y(157 — 150) 
+ Z(217 — 150) 


whence 
xX —14.55 Y—1.94 Z =0 


’ Equation of High-Pressure Heater 
Substituting in Equation [3], we have 


X(210 — 150) = Z[1141 — (217 — 32)] 
whence 
XxX — 15.927 =0 


We thus have three simultaneous equations containing values of X, Y, and 
Z. Solving these we find, X = 185,723 lb. of steam per hour, Y = 11,209 Ib. 
per hour, Z = 11,666 lb. per hour. 
The foregoing figures may be checked as follows: 

Total steam to throttle.. = X = 185,723 lb. per hr. 

Total bleed steam....... =Y+Z = 22,875 lb. per hr. 

Total steam to condenser = X — (Y + Z) = 162,848 lb. per hr. 

B.t.u. added to. main condensate = 162,848(210 — 79) = + 21,333,088 

B.t.u. added to l.p. condensate 11,209(210 — 157) =+ 594,077 


B.t.u. added to h.p. condensate 11,666(210 — 217) - 81,662 
Total netss:t. added (a) wats nae oe ere Oe enero =- 21,845,503 
B.t.u. added by l.p. bleed = 11,209 x 954............. = 10,693,386 
B.t.u. added by h.p. bleed = 11,666 X 956............. = 11,152,696 
MPotalyBatmcaddeds (beak rowek caer ote oe eee = 21,846,082 


The figures (a) and (b) are in substantial agreement. 


A. G. Curistiz.! The authors have presented the most compre- 
hensive treatment that has been published to date on the calcula- 
tion of bleeder turbines. The methods are logical and simple. 
There is no reason why any engineer familiar with steam tables 
cannot make his heat-balance calculations with little difficulty by 
following the method outlined. ' 

The writer has for some time used the same general methods in 
solving heat-balance problems with his classes. The use of the 


1 Discussion refers to Paper No. 1913c, p. 713. 
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Willans line to calculate inlet pressures as shown on Fig. 10 gives 
results in substantial agreement with test data. The writer has 
for some time drawn all expansion lines on the Mollier diagram 
to study turbine performance. These lines, however, had been 
drawn by empirical methods until Mr. Brown showed the writer 
test data which indicated that the efficiency of the superheated 
section of the expansion line is 10 per cent better than that of the 
saturated section. These are new data and seem to be applicable 
to pure Rateau turbines as well as to Parsons units. Incidentally 
this helps to explain the slight gain in internal efficiency with de- 
creasing loads. As the authors point out, the expansion line takes 
a more complex form when first-stage Curtis wheels are used. 

The authors have not called particular attention to the fact that 
the total heat of the steam at a given bleeder is substantially con- 
stant at all loads up to the ‘‘most efficient” load. This can be 
seen on Fig. 1 in the paper. Such evidence as is available tends 
further to indicate that this total heat at the bleeder point does not 
appreciably vary with slight changes in vacuum. 

The authors state in Par. 25 that five per cent pressure drop is 
allowed at the extraction points. Is this figure based on per- 
formance data? It seems rather high. 

The authors submit an empirical equation for mechanical losses 
in Par. 14. This, while a small factor in the problem, varies some- 
what with the type of turbine. For instance, the mechanical losses 
of a turbine with water glands should naturally be higher than of 
one without them. Also the heating losses in bearings and thrusts 
with two-cylinder units may be higher than in single-cylinder units. 
It is usual to consider radiation losses as mechanical losses, for the 
equivalent heat has gone outside of the casing in both cases. Then 
two-cylinder machines with a long inter-cylinder steam pipe may 
need a slightly higher allowance for radiation than a single-cylinder 
unit. 

Mechanical losses consist of friction losses in bearings and thrust, 
power to drive oil pump, governor, and water glands if used, and, 
as previously noted, radiation losses. It should be noted that these 
losses refer to the turbine only, as the bearing losses of the generator 
are included in the generator efficiency. Furthermore, since the 
speed of the turbine is nearly constant at all loads, these losses, 
being dependent on speed, should also remain constant at all loads 
with the exception of radiation, which is a small item in well- 
covered turbines. It will therefore be apparent that mechanical 
losses cannot be assumed as a constant percentage of output at 
all loads, but will be an increasing percentage at the lighter loads. 
A method of allowing for these variable losses is to estimate the 
equivalent horsepower loss at best load and at light load, and. add 
these varying losses to the brake-horsepower output at each load. 
This gives the correct internal power. 

Incidentally a study of internal efficiencies will lead to a more 
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rational basis for estimating heat per pound of steam rejected to 
the condenser and to a better analysis of condenser performance. 

When turbines with high-pressure glands are considered, a cor- 
rection must be made for the steam lost through the gland. When 
the guarantees include this steam, it should be deducted from the 
total steam before calculations are made of heat converted into 
internal work per pound of steam flowing through the turbine. 
A correction may be made for the work generated by the gland 
steam in the first stage of the turbine, though this is usually a small 
item. The authors indicate in Par. 16 some of the difficulties that 
confront manufacturers in furnishing guarantees on turbines that 
may be bled to heat feedwater. It would seem best to have the 
manufacturers first furnish estimates only on-the performance of 
the particular unit until the complete bleeding scheme is fixed. 
Then final guarantees should be submitted for a turbine partic- 
ularly designed to fit the specified conditions of bleeding. This 
may require some changes from standard designs by the manu- 
facturers, but the increased efficiency will more than offset increased 
costs due to such changes, particularly in large-base-load and high- 
load-factor turbines. 

The paper mentions the use of formulas, which are not presented, 
in the solution of heat-balance problems. The writer often has 
found it convenient to use some simple formulas for this purpose. 
These are given as a matter of record. Take the system shown in 
Fig. 6 and let 


w = total steam entering throttle, lb. per hr. 
H, = total heat per lb. of steam at throttle, B.t.u. 
a and 6 = lb. per hr. of steam bled at: high- and low-pressure 
bleeders 
H, and Hy, = total heat of steam at bleeding point, B.t.u. per lb. 
m and n = radiation losses in B.t.u. per lb. at high- and low-pres- 
sure heaters (assumed usually 5 B.t.u. per lb.) 
Ya and q = heats of liquid corresponding to pressures in high- 
and low-pressure heaters, B.t.u. per lb. 
t, and & = saturation temperatures corresponding to pressures 
in high- and low-pressure heaters 
K = terminal difference in each heater 
t. = temperature of condensate entering low-pressure 


heater 
x = make-up added to condenser hotwell expressed as a 
decimal 
H, = total heat per lb. after complete expansion to exhaust 
pressure. 


The following equations may be written down: 


a(Hg — m — qa) = w(1+ 2){(ta ge ao 
=w(l+a2)(te—t) . : ita totbion LL] 
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b(Hy — n — qe) = fw + 2) —a — O}( — K — t,) 


Haars db Gsu | kina aaah 
(Internal Kw.) x 3415 = (Hi — H.)(w — a — b) + a(H, — H,) 
POY — Ly), CEPT SET DY 


Solve [I] for a in terms of w; substitute in [IT] and solve for b in 
terms of w; then substitute for a and 6 in [III] and solve for w the 
total steam entering the turbine for the given output corresponding 
to the assumed internal kilowatts. All heat values in the above 
solution are taken from the Mollier diagram and steam tables just 
as in the author’s paper. Similar formulas can be readily developed 
for additional heaters or for modified systems including evaporators, 
ete. 

Item 43 in Fig. 7 is open to some question. In the preceding 
calculations the authors have figured the reduced output in each 
case when bleeding, corresponding to a given flow of steam with 
no bleeding. Item 43 attempts to correct back to the increased 
flow of steam when the same load is carried when bleeding as when 
not bleeding. While this item gives figures which are approximately 
correct, its method is not correct for it assumes that the flow of 
steam is proportional to the load, while a glance at a Willans line 
will show that this is not so. 

The authors have presented a correct viewpoint in Pars. 59 and 
60 in regard to air preheaters. Engineers in this country are only 
starting to realize the improvements in economy that may be 
attained by the use of air preheaters in conjunction with present 
equipment. 


Linn Hevanper.! Approximate bleeder-performance data, such 
as Messrs. Brown and Drewry derive from estimated steam- 
expansion lines plotted on the Mollier diagram, should not be 
used to determine the relative merits of feed-heating turbines or 
of other équipment affecting the heat balance of a power station: 
For such determinations, as well as when final heat-balance cal- 
culations are to be made, accurate data should be obtained from 
the turbine manufacturer. Otherwise the assumptions forming 
the basis of the approximations may lead to unwarranted 
conclusions. 

The authors’ application of their method presupposes that 
reaction blading operates at ten per cent higher efficiency, and a 
combination of impulse and reaction blading at five per cent 
higher efficiency in the superheated region than in the saturated 
region. There is no thermodynamic justification for this supposi- 
tion, as with either reaction or impulse blading the efficiency in 
the saturated region measured on the basis of the adiabatic heat 
drop is a function of the extent of the steam’s expansion below the 
saturation line. 

1 Discussion refers to Paper No. 1913, p. 713. 
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A discussion of blading is extraneous to the subject of stage 
feedwater heating, but the implication that combination impulse 
and reaction turbines are not as well adapted to efficient bleeding 
as are reaction turbines is erroneous, as also is the explicit state- 
ment that impulse blading is inherently inefficient. In practical 
design, impulse wheels in the high-pressure ends of combination 
impulse and reaction machines are showing much higher efficiencies 
than those indicated by the expansion line the authors give in 
Fig. 5. Where impulse blades are used in reaction machines they 
replace less efficient reaction blading at the high-pressure end. 

The statement that steam-jet air ejectors are wasteful of heat 
is misleading. The important consideration is not that high- 
temperature steam is degraded in the process of doing work, as it 
inevitably must be, but to determine whether the amount of steam 
passing to the condenser is increased or decreased when air ejectors 
replace air pumps. The important avenue of energy dissipation 
in the generator room is the condenser, where every pound of steam 
condensed represents a loss of approximately 950 B.t.u. If a motor- 
driven air pump is used the steam chargeable against it is the 
water rate of the main turbine multiplied into the power in kilo- 
watts consumed by the air-pump motor. If the air pump is re- 
placed by an air ejector, the steam consumed by the ejector will 
reduce the amount of steam bled from the low-pressure bleeding 
point and the steam chargeable against the ejector is the increased 
flow to the condenser due to this reduction in bled steam. When 
the pressure in the lowest-pressure heater is about that of the atmos- 
phere the air ejector should be charged with approximately only 
one-half of the steam consumed by it. When the analysis is properly 
made, air ejectors usually will be found more desirable than air 
pumps for small stations where the complications of multiple-stage 
heating are not justified. For large-stations the economies of air 
ejectors and air pumps are not far different, and a careful analysis 
should be made to determine which serve best the needs of a 
particular station. Air ejectors are well adapted to modern 
heat-balance layouts. ; 


A. G. Curistiz.1 Engineers are now devoting considerable 
thought to high pressures and temperatures and to various cycles 
for improving the station heat balance. The author has made a 
distinct contribution to the literature of this subject. His paper, 
combined with those of Professors Hirshfeld and Ellenwood,? and of 
Mr. Robinson,’ form a series that will repay serious study. 

The author has approached his analysis of cycles from a different 


1 Discussion refers to Paper No. 1913 d, p. 741. 
* High-Pressure, Reheating, and Regenerating for Steam Power Plants. 
See page 663. 


§’ The Margins of Possible Improvement in the Central-Station Steam 
Plant. See page 644. 
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standpoint than that of Professors Hirshfeld and Ellenwood. The 
same cycle efficiencies may be found from the curves of both papers, 
provided the same assumptions of pressure and bleeding tempera- 
tures are chosen. When the commercial application of the cycles 
is made, the two papers are somewhat at variance. Professors 
Hirshfeld and Ellenwood base their results on a series of turbo- 
generator efficiency curves shown in their Fig. 20! and on certain 
assumptions of plant performance, such as, for instance, a constant 
pane of 84 per cent for boiler and economizer efficiencies at all 
oads. 

The author, on the other hand, assumes varying boiler efficiencies 
at various pressures as stated in Table 3. His curve of internal 
machine efficiency given in Fig. 10 is a novel method of representing 
turbo-generator efficiency that has never before come to the writer’s 
attention. This curve gives efficiencies quite at variance with those 
on Fig. 20 in Professors Hirshfeld and Ellenwood’s paper, and 
accounts in a large measure for the variation in final results. Let us 
see whether such a curve as the author’s Fig. 10 is justified in 
theory, and then whether its trend is correct. The author has 
indicated in Appendix No. 4 that these data apply only to large 
turbo-generators operating at 29 in. 

It is a well-known fact that the sections of a turbine using 
wet steam are less efficient than the sections using superheat. 
Messrs. Brown and Drewry indicate in their paper? that there is 
a difference of 10 per cent in efficiency between the two portions of 
a Parsons turbine. A Mollier diagram will show that a greater and 
greater proportion of the expansion takes place in the super-heat 
field as the adiabatic end point on the 29-in. vacuum line increases 
in value for the assumed inlet condition of 750 deg. fahr. It is 
logical, therefore, from theoretical considerations, to expect the 
internal machine efficiency to increase with increasing values of 
the adiabatic end point. 

The author’s curve, Fig. 10, is based on data from only a few 
turbines and some of these were compound and three-cylinder units. 
The author points out that many of the data on which the internal 
turbine efficiency may be based are known only to turbine design- 
ers. It will be of assistance to engineers to know whether these 
designers can confirm the author’s claim that the efficiencies can 
be represented by such a curve as shown. 

The writer has made an attempt to check this curve by making 
certain assumptions with data at hand. The points taken from 
several makes of turbines are somewhat scattered. A mean curve 
drawn roughly through these points shows a somewhat steeper 
slope than in Fig. 10 for end points above 870 B.t.u. This is quite 
possible as the upper points D, H and F in Fig. 10 are for compound 

1 Page 684. : 

2 Economy Characteristics of Stage Feedwater Heating by Extraction. 
See page 713. 
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units where the mechanical and radiation losses may be greater 
than in single-cycle units. If additional allowance is made for these 
losses, the curves in Fig. 10 would become steeper and would con- 
form closely to the writer’s data. 

The final performance curves in Fig. 30 of the Hirshfeld and 
_ Ellenwood paper and in Fig. 14 of the author’s paper are at some 
variance, due to factors already discussed. However, the author 
does not include auxiliaries and generator losses, and, furthermore, 
has assumed a decreasing boiler efficiency with increasing pressure. 
He finds about 1000 lb. as the most economical point, while the 
Hirshfeld and Ellenwood curves have not reached a minimum, 
with the exception of the Rankine cycle, at 1200 lb. 

A significant point is brought out in Fig. 14 of the author’s 
paper in regard to the effect of higher temperatures. Increasing 
temperature from 750 deg. fahr. to 1000 deg. fahr. results in a 
decrease of 500 B.t.u. per kw-hr. in heat consumption. Will it 
be more economical to increase temperature at moderate pressures 
than to increase pressures to 1200 lb. or more? 

It has been assumed in the discussions of the various cycles that 
no steam is bled for heating feedwater at pressures above the 
saturation line on the expansion curve. This has led some engineers 
to believe that bleeding of superheated steam is wrong and should 
not be done in any case. This is a mistaken idea that should be 
corrected. While it is true that there is not as great a relative gain 
in efficiency in bleeding superheated steam as saturated steam — 
as can be shown on a temperature-entropy diagram, — still there 
is a significant gain in many cases by bleeding such steam. The 
writer has had a number of calculations made on this point and 
has always shown a decreased B.t.u. per kw-hr. by such bleeding 
at high pressures in the superheat section. This gain is more 
apparent when few bleeding points are used. In fact, this plan 
has been adopted in some of the new central stations where desuper- 
heaters are provided to take care of superheat at the bleeder 
heaters. 


Linn HELAnpDER.! The need of extrapolation in calculations to 
determine the economy of turbines using reheated steam is lessened 
if the expansion is divided into one part from the condition of the 
steam at the throttle to its condition at the reheating point, and 
into another part from the reheating point to the condenser. Cal- 
culations then will show an improvement in economy of about 
5 per cent, after deductions for losses in the reheater, by reheating 
to 700 deg. fahr., with initial steam conditions of 550 lb. pressure 
and 725 deg. fahr. total temperature. The best reheat pressure 
then lies between 100 and 125 Ib. gage, occurring after approxi- 


1 Discussion refers to papers Nos. 1913 b, page 663, and 1913 d, page 
7A. 
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mately one-third of the adiabatic heat drop. These results agree: 
neither with those found by Professors Hirshfeld and Ellenwood 
nor with those found by Professor Wohlenberg, and the assump- 
tions forming the basis of their extrapolations should be con- 
sidered. 

The regenerative and reheating cycles proposed by Professors 
Hirshfeld and Ellenwood end the feedwater heating at the satura- 
tion point of the expansion line. There is no thermodynamic 
reason for this, since an ideal cycle, implying infinite feedwater 
heating surface, should heat the feedwater to the temperature of 
saturated steam in the boilers. The proposed regenerative cycles 
do not appear to form a satisfactory basis for extrapolation, and 
their use for that purpose confuses us in our understanding of the 
term “efficiency.” That the small improvement in efficiency re- 
sulting from increasing the throttle temperature to 800 deg. fahr. 
is due to the fall in bleeder temperature as the throttle tempera- 
ture rises, is true only for the type of diagram used by the authors. 
It is not true for a diagram representative of the best available 
combination reheating-regenerative cycle. 

The temperature-entropy diagram can be simplified by drawing 
the diagrams for the steam bled for feed heating separate from the 
diagram for the steam passing to the condenser. If this is done, 
the temperature to which the feedwater may be raised will be seen 
to be independent of reheating, although reheating may influence 
the desirable feedwater temperature. Also the cycle of the steam 
bled after the reheating point is one using exhaust steam against a 
high back pressure, and its best reheat point would be at a higher 
pressure than that for a full-expansion cycle. Unless the bled steam 
is taken from a separate turbine designed for reheating at the most 
efficient point, the best reheating pressure will be a compromise 
between that best for bleeding and that best for the full-expansion 
cycle, with some sacrifice in economy. The best reheat pressure 
for a bleeding and reheating cycle is higher than for a full-ex- 
pansion cycle. Also the improvement in efficiency due to reheat- 
ing is lessened by increasing the number of stages of feedwater 
heating. 

Only part of the gain from reheating in a practical station is 
due to the thermodynamic factors affecting the best reheat point; 
the remainder may be due to factors which cause an appreciable 
lowering of the best reheat point. Professor Wohlenberg’s Fig. 3 
on page 743 shows the influence on the efficiency of the station of 

‘varying the number of stages of reheating, adding in each case a 
total of 300 B.t.u. in the reheater. Fig. 4 (p. 743) shows a better 
reheat point with two-stage reheating, adding 150 B.t.u. per stage, 
than with single-stage reheating, adding 300 B.t.u. If maximum 
efficiencies for various numbers of stages of reheating are plotted, 
a different curve is obtained. Since most of the benefit of reheating 
not accounted for in the theoretical study accrues in the first 
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stage of reheating, a practical plant would probably find two-stage 
reheating undesirable. 

Professor Wohlenberg uses the same feedwater temperature for 
all initial steam pressures. This may have affected adversely the 
efficiencies of the bleeding cycles for high-pressure steam. The 
efficiency curves for the combination bleeding and reheating cycles 
tend to flatten more rapidly at the higher steam pressures than the 
others. This probably has been accentuated by using the same 
reheat pressure for this cycle as for the non-bleeding cycle as well 
as by using a constant feedwater temperature. 

Professors Hirshfeld and Ellenwood apply corrections for re- 
heating to the overall efficiencies of the turbine, whereas reheating 
affects only that portion of the turbine beyond the reheat point. 
Also, the validity of their method of extrapolating regenerative 
efficiencies is not obvious. When regeneration is used the effi- 
ciency of that part of the cycle pertaining to the steam passing 
through to the condenser should be the same as defined by their 
curves of Fig. 7 (p. 673) for the Rankine cycle. That the curve 
of efficiencies of the regenerative cycle is below that for the Rankine 
cycle must be due to assigning to the bled steam lower efficiencies 
measured relatively to its theoretical capacity for doing work 
than apply to the steam passing to the condenser. Bleeding effi- 
ciency, defined as the ratio of work done by the bled steam to the 
work that theoretically can be done by this steam heating the 
feedwater to the same temperature it is heated practically but 
using infinite heating surface, depends on the arrangement and 
number of feedwater heaters and on the efficiency of that part 
of the turbine in which the bled steam expands. 

Assuming that the regenerative-efficiency curve will lie parallel 
to the Rankine-cycle efficiency line involves the assumption that 
the efficiency of bleeding is a maximum at 1000 lb. initial steam 
pressure, and practically constant between 800 and 1200 lb. per 
sq. in. steam pressure, as shown by the accompanying Fig. 8, 
which the writer has calculated from the data of Table 5 of Pro- 
fessors Hirshfeld and Ellenwood’s paper (p. 690). Since the 
efficiency of bleeding tends to increase with an increase in the 
number of heaters and the number of heaters increases with the 
initial steam pressure, this type of bleeding-efficiency curve is not 
unreasonable. The presentation, however, would have been more 
satisfying if the bleeding efficiency had been determined by calcu- 
lation, in which case it would have been unnecessary to limit the 
temperature of the feedwater to the saturated-steam temperature 
in the turbine. 

Professors Hirshfeld and Ellenwood reduce the turbine efficiency 
one per cent for a combination regenerative-reheating cycle, due 
to the lowering of the feedwater temperature consequent on 
higher reheating in the turbine. This is an error since the proper 
feedwater temperature should be independent of any reheating in 


DISCUSSION 791 


the turbine due to frictional and leakage losses, and such re- 
heating would not be a determining factor of the proper feedwater 
temperature in a practical plant. 

Professor Wohlenberg extrapolates efficiencies by plotting them 
against what he terms the adiabatic end point.!_ This method may 
show consistent results when applied to straight condensing tur- 
bines, but the application of data so obtained to turbines operating 
on a reheating cycle is not justified. The overall efficiency of a 
turbine, usually expressed in terms of work done divided by the total 
adiabatic heat drop, includes a reheat factor. Frictional and leak- 
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ciency increases with the number of heaters it should increase with the initial steam 
pressure as does the above curve derived from Table 5 of Professors Hirshfeld and 
Ellenwood’s paper.) 


age losses in the turbine result in a degradation rather than a loss 
of energy, so that the steam expansion line follows one of increas- 
ing entropies rather than one of constant entropy. Efficiencies 
obtained from tests and based on the adiabatic heat drop to the 
exhaust pressure properly cannot be used when the entropy is 
shifted in calculating the heat available for conversion to work as 
is done at the point of reheating. It is well known that the effi- 
ciency of the low-pressure element of a compound turbine based on 
its apportionment of the adiabatic heat drop over the entire unit 
is greater than its efficiency as a separate turbine. If this higher 
efficiency is used to determine the work it does and the calcula- 
tions are based on the state of the steam entering it, as when reheat- 
ing, the results will credit the steam with doing more work than it 


1 See par. 15, page 749. 
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is capable of doing. The error is due to considering the heat 
equivalent of the internal losses as additional available energy, at 
the same time using an efficiency which includes the corrective 
factor for the reheating effect of these losses. 

Professor Wohlenberg endeavors to avoid this error by charging 
the turbine both with the heat added in the reheater and with the 
heat equivalent to the friction and leakage losses in the turbine down 
to the pressure at which reheating occurs. The limiting case of this 
is when no heat is added in the reheater and all reheating of steam 
is due to internal losses in the turbine. The accuracy of his method 
applied to this limiting case may be tested. 

The product E. x H; = HE’. x E’;, in which £, is the thermal 
efficiency of the Rankine cycle with adiabatic expansion from the 


TABLE 3 COMPARISON OF EFFICIENCY FACTORS DETERMINED BY 
CONSIDERING THE CYCLE OF A STRAIGHT CONDENSING TURBINE 
AS A REHEAT CYCLE WITH EFFICIENCIES USED BY WOHLENBERG 


(Initial steam conditions: Pressure, 600 lb. per sq. in.; total temperature, 700 deg. 
fahr.; vacuum, 29 in.) . 


os oe) co) 5 toler a 
a °8 ee z Bees gee 
o De see co) o  a.9 22 
ae oy ao 5 B29 § Ege 
2 BS a's 
Se 3 a5 care FE Eee go8 
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; x) rs 3.2 
233 IS ons : meee 348 
eRe Ge 3.28 S. a2 a £22 
5, as °3¢g SA S* Eto aoe 
QE. fact a= =I) ot SWS Se yo 
CES ak sos sled aac eas 
Ay H ie) 
600 38.3 1349 851 462 6.2 
100 38.0 1214 878 78.8 76.5 
15 37.3 1110 910 80.6 78.0 
5 36.6 1059 929 81.7 79.6 
2.5 36.1 1030 941 82.1 80.5 


initial state of the steam to the exhaust pressure, E; is the overall 
internal efficiency of the turbine, and H’, is the thermal efficiency 
of the reheat cycle which is made up of an adiabatic expansion to 
some pressure, a reheating at this pressure equivalent to the internal 
losses, and a subsequent adiabatic expansion to the exhaust pres- 
sure. EH’; is the efficiency factor which satisfies the above equation 
and should fall on the curve shown by Professor Wohlenberg’s 
Fig. 10 (p. 747), assuming that his method is applicable to this 
limiting case. Table 3 of the writer’s discussion evinces the diverg- 
ence of efficiencies calculated for this limiting case and those given 
by Professor Wohlenberg. 

A second test of accuracy is to segregate the efficiency of the high- 
pressure and low-pressure elements of a compound turbine and then 
calculate the efficiency of a combined unit reheating between 
elements to the initial heat content, in one case using Professor 
Wohlenberg’s method and in the other determining the work done 
by each element separately. If the initial steam conditions are 
taken as 600 lb. per sq. in., 700 deg. total temperature, and the 
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reheat pressure as 180 lb. abs., the curve of efficiency given by 
Professor Wohlenberg should hold fairly accurately for the’ low- 
pressure element. The curve also should be applicable when the 
two elements operate as a single unit. If the data of the curve are 
sufficiently consistent, the work done by the low-pressure element 
may be determined and subtracted from the work done by the entire 
unit operating on a non-reheating cycle and the efficiency of the 
high-pressure element may be established. Calculations made in 
this way indicate that for the initial steam conditions assumed and 
29 in. of vacuum, the efficiency of the high-pressure element would 
be about 50 per cent and that of the low-pressure element when no 
reheating is done would be 79.5 per cent. The high-pressure ele- 
ment of a commercial turbine would not have an efficiency as low 
as 50 per cent, and in the following analysis this efficiency is used 
for the high-pressure element only for the sake of consistency. Re- 
heating obviously will not affect the efficiency of the high-pressure 
element. If the steam is reheated to its initial heat content the effici- 
ency of the low-pressure element will be 81.1 per cent as determined 
from Professor Wohlenberg’s curve and the work done by each 
pound of steam passing through it will be 348 B.t.u. The work 
done by the entire unit, therefore, will be 348 B.t.u. plus the work 
done by the high-pressure element, which is 63 B.t.u., making a 
total of 411 B.t.u. per pound of steam. This corresponds to a 
thermal efficiency of 30.1 per cent. Professor Wohlenberg’s 
method would give a thermal efficiency of 0.811 « 554 + 1427 = 31.5 
per cent. There is an apparent discrepancy in the results. An 
aggregation of errors undoubtedly follows the indiscriminate use 
of efficiencies determined from the adiabatic end point for various 
types of cycles, including bleeding and multiple-stage reheating. 

Like Professors Hirshfeld and Ellenwood, Professor Wohlenberg 
determines the best pressure for reheating from theoretical consid- 
erations. He ignores the fact that reheating is essential to lessen 
the moisture in the low-pressure stages. This error cannot be 
corrected by overall corrections of turbine efficiencies. Boiler- 
room efficiency need not drop at high pressures if air preheaters 
are used, either with or without economizers. Figs. 13 and 14 
(pp. 750 and 751) of Professor Wohlenberg’s paper indicate that 
powdered coal can be used more advantageously than stokers at 
high pressures. This is true, as he points out, only because he has 
penalized the stokers by reducing their efficiency at high pressures, 
while maintaining that of powdered coal by means of air preheaters. 
Stokers are well fitted to use preheated air and should not be 
penalized in this way. 


B. N. Browo.! Fig. 8 (p. 674) of the paper by Professors Hirsh- 
feld and Ellenwood, showing the efficiency of reheating, shows that 


1 Discussion refers to papers Nos. 1913b, p. 663, and 1913d, p. 741. 


794. POWER-PLANT ECONOMIES 


the maximum efficiency from reheating can be derived when the 
reheating occurs at a pressure of from 0.23 to 0.24 of the initial 
pressure — the higher figure for 1200 lb. pressure, the lower for 
200 lb. pressure. This is true only for the conditions stated, and 
where the reheating is carried to the initial temperature of the live 
steam. In general, however, the benefit obtained from heat added 
to steam is usually greater the higher the steam pressure at which 
it is added. On the other hand, if it is desired to reheat the steam 
to the initial temperature, which is the most advantageous from a 
practical standpoint, the lower the steam pressure the greater is 
the heat that can be added. The best compromise between these 
two extremes gives the pressure with the maximum benefit of re- 
heating, and it depends entirely upon the conditions. In certain 
cases it may even be advisable to bleed steam which is still super- 
heated, and thus increase the total efficiency. 

Par. 32 and Fig. 19 (pp. 677 and 682, respectively) lead to the 
conclusion that at the higher pressure the regenerative-reheating 
cycle is less efficient than the regenerative cycle alone; that is, 
reheating decreases rather than increases the efficiency. This does 
not do justice to reheating. The curve is based upon the ideal 
regenerative cycle, which involves bleeding the turbine at an infi- 
nite number of stages, and which can never be realized in practice. 
At present it is considered the most advantageous to bleed the 
turbine in two, or a maximum of three, stages. The first bleeding 
can occur at the point of expansion where the live steam has just 
lost its superheat. The remainder of the steam can then be reheated 
to a temperature sufficient to have the steam saturated just at the 
second bleeding, after which the steam can be reheated again. In 
this case we will get the maximum benefit that can be obtained in 
practice from the bleeding of a turbine, or the incomplete regenera- 
tive cycle. Considerable advantage will also be derived from the 
reheating, giving a total efficiency higher than could be obtained 
with the regenerative cycle alone. 

In Fig. 30 (p. 703), at pressures of about 400 Ib. the reheating 
cycle gives an increase of 5 per cent. This increase can be obtained 
with a comparatively simple arrangement which involves no com- 
plication and is easy to operate. The authors have brought out 
the difficulty of reheating the steam by the boiler gases, and the 
complication involved in returning the steam to the boiler and 
thence again to the turbine. A simpler arrangement would be to 
reheat the steam in a separately fired superheater. 

It is generally believed that separately fired superheaters are 
inefficient. However, separately fired superheaters now are on the 
market which have water tubes in the furnace ahead of the super- 
heater. These can be operated with high furnace temperatures 
and are very efficient, particularly so when the steam to be heated 
is of comparatively low temperature and, correspondingly, the exit 
gas temperature is also low. This would work out very satis- 
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factorily in a plant where the auxiliaries are driven electrically — 
from the main switchboard, and where there is no exhaust steam 
available for reheating the water. The feedwater would then be 
preheated in the water surface of the separately fired superheater. 
This arrangement would give a high overall efficiency. It would 
not be complicated, as the separately fired superheater could be 
located in the turbine room and fired with oil or gas, or with coal. 
In the latter case it would be located in the turbine room between 
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the boiler and turbine, with the furnace operated from the boiler 
room. 

There are two methods of reheating steam which are not men- 
tioned in either of the papers by Professors Hirshfeld and Ellenwood 
and by Professor Wohlenberg. The steam can be reheated by live 
steam from the main boiler. This is particularly advantageous for 
the highest pressures. Naturally, the steam cannot be reheated to 
the initial temperature of the live steam, but this method has many 
other advantages which makes it more desirable than others. * It 
is not necessary to return the steam to the boiler room, as the 
reheater can be located near the turbine. The apparatus for 
reheating requires a comparatively small amount of heating sur- 
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face, as the reheating absorbed is the latent heat from the steam. 
This heat is easily given up, and the heat-transmission coefficient 
is high. 

The most important advantage is the possibility of regulation. 
While some superheater designs now on the market give fairly 
constant temperatures at different ratings, the superheat is liable 
to vary due to fluctuation in the furnace. The temperature drop 
of the steam in the turbine will, of course, vary, depending upon 
the load, etc. If the steam is then sent back to a superheater 
installed in the boiler setting we have a third variation, so that the 
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total fluctuation of the temperature of the reheated steam may 
become very serious. If the reheating is accomplished with live 
steam the regulation is much facilitated, as all that is necessary 
is to regulate one valve admitting the live steam to the re- 
heater. This is a very important factor in favor of reheating by 
live steam. 

For the same reason, objection should be raised to Professor 
Wohlenberg’s suggestion to arrange the reheater in the furnace as 
a radiant-heat superheater. Heating surface placed directly i in the 
furnace is subjected to all furnace fluctuations, and it is difficult, 
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if not impossible, to provide means for regulation. A radiant- 
type superheater is, therefore, in the opinion of the writer, entirely 
unsuitable for a reheater. 

The second method for reheating steam is to install a separate 
high-pressure boiler in the boiler room, the steam from which would 
be used only for reheating. Except for the additional boiler, which 
must operate at a considerably higher pressure than the main 
boilers, this arrangement has all the advantages mentioned before. 

Both papers in question are based on theoretical analysis, as, 
so far as is known to the writer, no plants in this country have 
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applied reheating. Considerable work in this connection has been 
done abroad, particularly by Dr. Schmidt and Mr. Hartmann. In 
1910 a plant was built for a working pressure up to 900 lb. This 
plant was operated for a number of years and experiments made 
with reheating of the steam between the stages, or rather between 
the cylinders of the reciprocating engine used. The writer has 
obtained from Mr. Hartmann, who,conducted most of the tests, 
curves showing the advantages of reheating both with live steam 
and with flue gases from the boiler. 

Some of the curves already show the difference in efficiency that 
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may be expected between these two arrangements. Fig. 9 shows 
the horsepower per pound of steam in a plant consisting of an engine 
built for 150 lb. initial pressure, utilizing the exhaust steam of a 
high-pressure stage in accordance with the first-mentioned arrange- 
ment. It shows also the horsepower of each cylinder; the various 
curves are for different methods of reheating the steam as indicated. 

Fig. 10 shows the horsepower per pound of steam of an engine 
built for 225 lb. pressure. Fig. 11 shows the heat consumption of 
a high-pressure plant for both reheating arrangements mentioned 
above. It also shows the additional power obtainable as compared 
with 150 Ib. and 225 lb. initial pressure. 

The writer understands that of the two plants which are now 
being built in this country for 1200 Ib. pressure, one will be arranged 
so that the steam at 1200 lb. will enter a high-pressure turbine, the 
exhaust from which, at about 350 lb., will be discharged into the 
main line of the plant carrying about this pressure; the other plant 
will be an entirely separate unit, starting with 1200 lb. and dis- 
charging to a condenser. 


Joun H. Lawrence.! The prophecies of savings that will be 
obtained by the use of high pressures and high temperatures are of 
interest, but before we go to 1200 lb., or to 3200 Ib. as has been 
suggested in England, we should determine whether commensurate 
gains will result from the increase in pressure and temperature as 
compared to the gains from such increases in the past ten years. 
Ten years ago few plants operated at over 250 lb. pressure. Since 
that time we have gone as high as 400 lb., and temperatures have 
increased from 550 to 700 deg. fahr. 

According to the figures presented in the various papers, con- 
siderable benefit should have resulted from the increase in tem- 
perature and pressure. The writer has investigated results of 
various plants operating under from 300 to 400 lb. pressure and 650 
to 750 deg. temperature, and has compared them with stations 
operating at about 200 lb. pressure and about 100 deg. of superheat. 
There was no conclusive evidence that the increased pressure and 
temperature had increased the efficiency to any considerable extent. 
For instance, a certain plant operating at 250 lb. pressure and 600 
deg. temperature with a not very favorable load factor has about 
the same B.t.u. per kw. as two or three other plants built at the 
same time and operating at from 300 to 350 lb. pressure and 550 to 
750 deg. temperature. Another plant, operating at 215 lb. pressure 
and 125 deg. superheat or a total temperature of 500 deg., was only 
about 10 per cent higher in B.t.u. per kw. than some of the stations 
built in the last two or three years and which are rated as super- 
power stations. The only reason for the 10 per cent difference is 
the smaller size of the turbines as compared with the turbines of 


1 Discussion refers to papers Nos. 19136, p. 663, and 1913 d, p. 741. 
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the newer stations. Two of the turbines are 12,500-kw. and another 
is 20,000-kw. and their efficiency is less than 70 per cent. Further- 
more, the auxiliaries for the largest part of the stations are steam- 
driven, non-condensing, with no stage bleeding. The boiler-room 
efficiency also is lower than would be expected today in a modern 
station. Notwithstanding these drawbacks, this station is almost 
as efficient as the later stations. If the turbine efficiency is cor- 
rected to the efficiency of the larger machines, and electrically 
driven auxiliaries are figured instead of steam-driven auxiliaries, 
the results are so close that a little carelessness in operating might 
easily send the high-pressure, high-temperature stations above the 
smaller station with low-pressure and low-temperature as regards 
the B.t.u. per kw. In Europe, one station operates at 475 lb. pres- 
sure with a temperature of 700 deg. It uses 20,000 B.t.u. per kw. 
A number of other large stations in Europe operate at over 300 lb. 
pressure, and their results are no more favorable than those in some 
of the smaller stations in the United States. The station operating 
under 475 lb. pressure has had its troubles, which have been the 
result of trying to obtain the last B.t.u. per kw. It has air heaters 
and has had trouble with the furnaces. There has also been turbine 
trouble due to the high temperature. 

The writer’s investigation of this subject is not complete, but all 
figures point to the fact that the gains due to high temperature and 
high pressure may not be commensurate with the trouble and 
expense involved. This may be due to operation or to some fault 
in design, but there is no evidence as yet that enormous gains will 
result from 600, 1200, and perhaps 3200 lb. pressure. 


Geo. A. OrroK.! The several papers emphasize the advantages 
of circulatory heat, that is, heat taken from the exhaust side of 
the plant and turned back into the intake side. The more of this 
circulatory heat that can be used the greater will be the efficiency 
of the plant and the lower the loss of heat to the condenser. 

It is worth noticing that although the several papers have been 
worked from somewhat different suppositions, the curves them- 
selves show comparatively little difference. The difference be- 
tween 700 Ib. pressure and 1000 lb. as the best pressure for a station 
is small, considering the fact that the papers give only theoretical 
calculations based on quite different initial assumptions. 


F. Hopexinson.? Regeneration by bleeding the prime mover in 
stages for heating feedwater and by reheating partially expanded 
steam is old practice. The surprising thing is that engineers have 
only turned their attention to such processes, particularly regenera- 
tion in connection with steam turbines, during the last two ‘years. 

1 Discussion refers to papers Nos. 1913 b, p. 663, and 1913 4d, p. 741. 


2 Discussion refers to papers Nos. 19136, p. 663, 1913c, p. 713, and 
19134, p. 741. 
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A good feature of the three papers dealing with this subject is 
that they set forth in concise fashion the thermodynamic actions 
that occur. 

The attempt to make old processes appear as fundamental cycles, 
as has been done by Professors Hirshfeld and Ellenwood, may give 
misleading impressions. For instance, Fig. 20 (p. 684) in their 
paper makes it appear that the efficiency is less when regeneration 
is employed, which is by no means the case. This confusion is due 
to referring efficiency ratios to these processes as though they were 
fundamental cycles. The matter is finally made clear in their 
Fig. 30 (p. 703), where heat consumption is plotted against pressure 
for these various processes. Considerable trouble would be avoided 
if thermal efficiency also were plotted in Fig. 20. 

In reality, the cycles set up by Professors Hirshfeld and Ellen- 
wood are not new kinds of heat cycles, but merely a series of 
Rankine cycles. Steam supplied to a turbine, condensed in a 
feedwater heater at any pressure, and then returned to the boiler, 
operates on a Rankine cycle. Similarly, steam delivered to a prime 
mover, expanded therein, and exhausted to a reheater is operating 
on a portion of a Rankine cycle, as does any non-condensing steam 
engine. I have preferred to consider these various processes as a 
series of Rankine cycles and see no good purpose for setting up new 
kinds of cycles and regarding them as fundamental ones. Excep- 
tions to this, of course, are the hypothetical processes described in 
the paper in which isothermal expansions are employed by adding 
heat during a portion of the expansion. 

I was for some time at a loss to comprehend the meaning of the 
term “end point”’ in Professor Wohlenberg’s paper. Had he named 
this ‘the steam state (or quality) after adiabatic Pepmoe PEt 
would have been clear to every one. 

The comparisons in Professors Hirshfeld and Ellenwood’s paper 
have been based on feedwater not heated above the temperature 
of saturation within the turbine. There is no reason for not carry- 
ing this heating into the superheated field except a possible moderate 
increase in cost of heaters. These authors in their analysis, when 
they introduce reheating to the cycle, have reduced the amount of 
regeneration, thereby penalizing the regenerative principle, which 
is unnecessary and makes the comparison unfair. The general con- 
clusions would have been different had the temperature of feed 
heating been the same in the various comparisons whether or not 
reheating were employed. 

Messrs. Brown and Drewry in their paper give an interesting 
method of computing performances where regenerative principles 
are involved. They, however, propose a deviation of their line on 
the Mollier diagram when the high-pressure element is of the 
impulse form, giving as their reason the inherent lower efficiency 
of this element. This is not necessarily the case. If such an 
allowance is necessary, it seems that it should similarly be made 
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for the reaction turbine, for it suffers disability at the high-pressure 
portion of the turbine because of increased leakage where the steam 
volumes and blade areas are small. The question of the efficiency 
of the various-stage elements cannot be generalized but must 
depend upon the particular design. 


Sanrorp A. Moss.!_ The papers on regeneration, as well as the 
previous literature, clearly forecast that large power plants should 
heat feedwater by regeneration, that is, by bleeding from turbine 
stages. Information is scanty regarding the situation for small 
power plants. There are many plants using turbines of from 500 
to 6000 kw., and it is of course desirable that these plants should 
be operated with maximum economy, due account being taken of 
first cost. The exhaustive detail of the three papers tends to 
indicate that the matter of feedwater heating by bleeding is one of 
great complexity, and that a great deal of computation would be 
required to indicate what would be the best situation for a small 
power plant. However, the following conclusions for small plants 
seem possible without exhaustive computation, and the writer 
would inquire if the authors of the papers agree with his conclusions. 

The usual small power plant uses auxiliaries driven by non- 
condensing turbines which exhaust into an open or closed feed- 
water heater, either with or without an economizer, and never with 
reheating. Such a plant could substitute motor-driven auxiliaries 
for many of the non-condensing turbines, and one or more feed- 
water heaters supplied by bleeding from the turbine instead of 
the feedwater heater supplied with exhaust steam. There would 
almost certainly be a decrease of plant investment by this plan. 
The motor drives would cost appreciably less than the non- 
condensing turbines. The feedwater heaters using bleeding would 
probably cost more, but not enough more to wipe out the gain due 
to motor-driven auxiliaries. Of course, it would not be possible 
to drive all of the auxiliaries by motors because of the necessity 
of provision for breakdown and emergency conditions. The sub- 
stitution of stage heaters for non-condensing heaters will probably 
decrease maintenance. The many computations make it certain 
that there will be a small gain in the thermal efficiency of the small 
plant, and this would be added to the gain due to decreased first 
cost. It appears, therefore, that a small plant should heat feed- 
water by bleeding from main turbines. In order that this may come 
about, feedwater-heater manufacturers must arrange to handle the 
situation for the small plants. Builders of the turbines are now 
providing openings in various stages from which steam may be 
bled. $ 

There is, of course, the necessity for planning the plant layout. 


1 Discussion refers to papers Nos. 1913b, page 663, 1913c, page 713, 
and 1913d, page 741. 
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Usually the exhaustive analysis of the present papers is not war- 
ranted in laying out a small plant. Nevertheless the feedwater- 
heating situation requires some attention at the present time. 
On the other hand, the use of reheaters for a small plant seems to 
be a much more complicated relation which requires no attention 
at present. 


E. L. Rosrnson.! The author’s remarks on his system for 
parallel feed heating seem to have been too brief. Mr. Rosencrants 
(p. 766) has noted the best practice according to present standards. 
But this paper is concerned with the margins between present 
practice and the ideal. Thus it is inefficient from an ideal view- 
point to make any division of temperature range between the 
economizer and the extraction heaters. Each should operate 
throughout the full range. Practical considerations such as clean- 
ing now dictate that the economizer receive warm water, whereas 
its efficient use from a thermal standpoint requires that it receive 
as cold water as the turbine-room heaters. Hence the author 
suggested the parallel feed lines in order that both turbine and 
boiler-room heaters might utilize the entire temperature range 
from condenser to boiler. By operating the air preheaters in stages 
as steam extraction condensers throughout the same temperature 
range, this scheme retains the practical advantages of the econo- 
mizer while accomplishing the same ideal as the simpler plan of 
using only extraction feed heaters and regenerative air preheating 
from the flue gases. 


F.O. EtteNwoop.? The authors are very grateful to the engineers 
who have called attention to the inconsistencies contained in Part II 
of the advance copy of the paper. These inconsistencies were due 
to errors in the calculations which were of necessity made in 
much less time than should have been available for the amount of 
work involved. The calculations for the reheating and regenera- 
tive plants involve several new features, among them being 
Equation [4], page 805, containing the ratio, Q;/Q., which has been 
commonly taken as unity. This is substantially correct for 
plants operating on the Rankine cycle, but introduces appreciable 
error for the other cycles as may be seen from Table 5A, page 806. 
The original tables in Part II have been corrected and three 
others, Tables 5A, 5B, and 5C, are presented on pp. 806, 807, 
and 808, in order to give the additional details of the calculations 
which were not included in the advance copy of the paper. Figs. 
21, 22, 23, 24, 25, 30, and 31 have also been corrected to agree with 
the revised calculations and it is believed that the results will now 
be found to be consistent, and correct to that degree of accuracy 
involved in the values given by Fig. 20, which forms the connecting 
link between the ideal and the real plant. 


! Closure to discussion on Paper No. 1913 a, p. 644. 
2 Closure to discussion on Paper No. 19136 after revision, p. 663. 
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The curves of Fig. 20 have not been altered, but it is believed 
that by changing the name from ‘“turbo-generator efficiency” 
to “engine efficiency of the turbo-generator and heaters” the 
meaning of the curves has been made clearer. 

The method that was chosen to express the probable engine effi- 
ciencies as given by Fig. 20 will be found in Tables 2, 3, and 4. 
These tables were constructed in the endeavor to consider the 
factors that enter into this question and therefore the authors 
believed that they could thus determine the engine efficiencies 
for high pressures better than in any other way, except by the 
detailed calculation of the plant for each and every pressure. 
They think that this latter method is the most accurate way to 
make the estimate for any plant. However, such a method 
means a most detailed calculation in the factories by the 
designer and all the others who know the factors of the parts 
that they are building. Therefore this latter method was not a 
feasible proposition for the authors at the time they took up this 
work and could not be considered, and they wish to call especial 
attention to the fact that it was the whole power plant and not 
the turbines alone with which they were concerned. If there is 
anything seriously wrong with Tables 3 and 4 as to the method of 
getting at the relative,degrees of approach toward the ideal cycles, 
in going to higher pressures, the authors will be glad to have their 
attention called to it. They do not claim that this method means 
a high degree of accuracy, but that it is simply a reasonable way 

of getting at these proportionality factors quickly. 

' Whether the values given for high pressure by the curves in 
Fig. 20 are too low or too high for the reheating and regenerative 
cycle is a debatable point that can only be settled by future tests 
made available from high-pressure plants. That the low-pressure 
parts of these curves are probably high enough becomes rather 
evident by, an inspection of Fig. 32, which was not printed in the 
advance copy of the paper, but which was shown by a lantern 
slide at the Annual Meeting. If the efficiencies given by Fig. 20 
for cycles B and D are too low, then from Fig. 32 it appears that 
the thermal efficiency of a turbo-generator, including the regener- 
ative feed-heating system, must be greater than 27.5 per cent for 
an absolute pressure of 200 lb. per sq. in. In other words, a 
30,000-kw. turbo-generator operating on the regenerative cycle at 
that pressure would need less than 12,400 B.t.u. per gross kw-hr. 
This quantity of heat is measured above the temperature of the 
feedwater from the high-pressure heater, and the authors believe 
that such a value is seldom improved upon by our best type of 
turbines operating under these conditions. For a pressure of 365 
Ib. per sq. in. abs. and a throttle temperature of 700 deg. fahr., 
curve D of Fig. 32 shows 11,460 B.t.u. per kw-hr., while the paper of 
Messrs. Brown and Drewry (p.713) gives a value of 11,724 B.t.u. per 
kw-hr. for this same pressure, but for a temperature at the throttle 
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of 686 deg. fahr., so the agreement at this pressure is very close. 
It is also worth noting that for this pressure the relative heat 
consumptions of the Rankine and Regenezative turbo-generators 
are as follows: 


Regenerative 11,724 


By Brown and Drewry: an inen = 13,483 ~ = 0.939 


By Fig. 32 of the au- Regenerative 11,460 ~ 0.939 
thors’ paper: Rankine 12,200 : 


From this evidence it appears that the values from Fig. 20 may 
be found slightly high rather than too low. 

If turbine manufacturers or others who have figured the high- 
pressure regenerative plant believe that better values are ob- 
tainable the authors will certainly be glad and they hope, there- 
fore, that their values as given in Fig. 20 for the regenerative are 
low, as some have suggested. But as far as they have been able to 
determine those values, it seems to them that they are reasonable 
ones. 

As further evidence of the reasonableness of the values given in 
Fig. 20 it may be noted that in the revised values of Fig. 30 the 
same general relations, as given in Fig. 32, are seen to hold for the 
complete plant, the total auxiliary power being the additional 
variable factor included in Fig. 80 as compared with Fig. 32. 

Regarding the best name to give to the efficiencies expressed 
by Fig. 20, there will possibly always be some difference of opinion. 
However, the relations between the ideal and the real plant operat- 
ing on any one of the various cycles are the important points, 
which will now be discussed, and certain names will be suggested 
as possibly better than that originally used in Fig. 20. 


Let @. = heat supplied in the actual plant to the working sub- 
stance by the economizer, boiler, superheater, and — 
reheater, in B.t.u. per lb. passing the throttle. (In 
Table 7 this expression is shortened to read ‘‘ Heat 
supplied to steam, B.t.u. per lb.’’) 


It should be noted that this quantity expresses the heat supplied 
above the feedwater temperature to the economizer. It differs 
from the heat supplied above the feed temperature to the econo- 
mizer in the ideal case by reason of the losses encountered in the 
chilling of the condensate in the condenser and the losses of the 
real reheating and regenerative systems as compared with their 
corresponding ideals. 


Let Q; = heat supplied in the ideal plant to the working sub- 
stance by the economizer, boiler, superheater and 
reheater in B.t.u. per pound passing the throttle 
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E, = gross energy delivered by the generator of the real 
plant in B.t.u. per pound of working substance 
passing the throttle 

A.E. = energy available for the production of work in the 
ideal plant, in B.t.u. per pound of working substance 


€a = thermal efficiency of the actual group of machines 
consisting of the turbine, generator, condenser, 
hotwell and regenerative heaters. This group of 
machines will be referred to as ‘“‘the group” 

é; = ideal cycle efficiency 


ér = engine efficiency of ‘the group,” or efficiency ratio 
of “the group.” 


Then, by definition of these last three terms, it follows that 


ue BOs ee rr 

Ee ai airs ri asec NH. : TB] 

an S| 
From [1], [2] and [3] it follows that 

He CP Ohere cote AS. in 
and 

CLO RC Or) ge or FE i Fh eee ke ee x ce ee ED 


The values of e; are obtained from Part I, and Fig. 20 gives the 
value of e, for each of the cycles A, B, D, and E. The values of 
Q. and Q; are different in all cases because of the difference in 
feedwater temperature, the temperature of water leaving the final 
heater in the actual case always being lower than that for the 
corresponding ideal cycle. Furthermore, for the reheating cycles 
the heat added by the reheater per pound of steam is less in the 
real case than it is in the ideal, having the same reheating pressure 
and temperature, because the real turbine delivers the steam to the 
reheater with a larger specific total heat than does the ideal turbine 
which permits expansion at constant entropy. The magnitude of 
this difference, which is shown by columns 15 and 16 of Table 5A, 
depends upon the internal losses of the turbine and the amount of 
expansion permitted before the reheating pressure is reached. In 
Table 5A the total heat of the steam entering the reheater has 
been estimated by assuming the cumulative stage efficiency of the 
turbine to be 83 per cent from the throttle pressure to the 
reheating pressure. 

The means used to obtain each value given in Tables 5 and 7 
have been inserted at the top of each column, so that no further 
explanation is needed as to the method of computing them. 
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The method of obtaining the value given in each column of 
Table 5A follows: 


Column 


Column 


Column 
Column 


Column 
Column 
Column 


Column 
Column 
Column 
Column 
Column 
Column 
Column 


(3): 
(4): 


(5): 
(6): 


Chiys 
(8): 
(9): 


(10): 
(11): 
@2)s 
(18): 
(14): 
(15): 
(16): 


Obtained from steam tables for a throttle temperature 
of 700 deg. fahr. and pressure as given by (2). 

Obtained from steam charts for an isentropic expansion 
from the throttle condition to a pressure of 30 per cent 
of the throttle pressure for cycle B, and 40 per cent of 
throttle pressure for cycle E. (See Tables 9 and 14, 
Appendix No. 1.) 

= (3) — 0.83 x [(3) — (4)] 

Obtained from steam tables for temperature of 700 deg. 
fahr. and pressure of 30 per cent of (2) for cycle B and 
40 per cent of (2) for cycle E 

= (6) — (4) 

= (6) — (5) 

Obtained from ideal cycle calculations. (See Tables 9 
and 14, Appendix No. 1) 

Obtained from Tables 3 and 4 

Obtained from steam tables to agree with (9) 

Obtained from steam tables to agree with (10) 

= (3) — (11) 

= (3) — (12) 

= (7) + (13) 

= (8) + (14) 


For Table 5B all equations are given at the top of each column. 


TABLE 5B HEATING SURFACES OF SUPERHEATER AND REHEATER 
FOR 30,000 KW. GROSS OUTPUT FROM GENERATOR 


Cycle 


B (0.3) 


E (0.4) 


Estimated boiler ‘pressure, 
lb. per sq. in., abs. 


3 2 2 ; 
go Es KB o 5 bss 

ue s | Zy ~ isi dj 

s E a z Ve EI 3 B ey Ks 

3 3 wo. Did Bae, asa 

hei ork 2 oy Paw ais 
S Py Sue a == S + “9/12 

be Sok om 8 11S 5, 0-8 |S 

eo on ms nel oR | 
$a 4 2 a 2 = ae 
AB Bes E aS Batuse 
Be i Zo 26 ae as} 28 S w 
SOAS ete ae Bae 8 

Re el hae g& 3 35 COS 

S38 ah] S Sues AE aad o 

Be Lae ge : S gas 

ae ne a 5 se fa 

n mn 
Hsat. He Ws Ss Qr Sr 
1199 1374 293,000 13,900 = 0 
1202 1362 276,000 11,900 a 0 
1193 1333 268,000 10,100 == 0 
1178 1298 273,000 8,850 a 0 
1199 1374 257,500 12,200 118 8200 
1202 1362 240,000 10,400 124 8050 
1193 1333 229,000 8,650 141 8700 
1178 1298 228,000 7,400 163 10000 
1199 1374 308,000 14,500 —s 0 
1202 1362 298,000 12,900 _ 0 
1193 1333 310,000 11,700 = 0 
1178 1298 339,000 11,000 =S) > O 
1199 1374 273,000 12,900 93 6850 
1202 1362 257,000 11,100 99 6900 
1193 1333 250,000 9,450 115 7800 
1178 1298 254,000 8,250 134 9200 
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' For Table 5C the only equation which may require derivation 
is the one for fz, the temperature of the flue gas from the economizer 
entering the air heater. Using the notation given in this table 
and noting that the temperature of the gas to stack is assumed 
to be 269 deg. fahr., then it follows, for no loss by radiation or 
conduction from the air heater, that 
Heat absorbed by the air = Heat given up by the gas 
or 
W aCp(ta — 70) = Wep(te — 269) 


The value of c,, the specific heat of the air, is nearly the same as 
that of the gas c,’, so that if they are considered equal, then for 
W.= 13.3 and W, = 14.2, the above equation gives t, = 0.937t. 
+ 204. 

Attention should also be called to the fact that in Table 5C the 
heating surface of the boiler, S,, does not include the superheating 
surface, S,, which is given in Table 5B. 

The constant, 5360, or 1.6 X 3350, used in Table 5C represents 
the rate of heat transfer in B.t.u. per hr. per sq. ft. of heating 
surface for a rating of 160 per cent as used in this paper. 

The rating of a boiler has long been a fair subject for debate and 
it is not intended, at this time, to discuss that subject in general, 
but it is the belief of the authors that the fairest method of making 
a comparison of the heating surfaces needed in plants using such 
widely different pressures as are involved in this paper, is to keep 
the superheating surface distinct from the wet heating surfaces. 

Regarding the reheating cycles and the high efficiencies which 
result the authors do not object in the least to the statements 
that have been made regarding those high efficiencies. They are 
heartily in agreement with them, but it is because of the complexity 
that is introduced by virtue of this reheating proposition — at 
least it seems to them that way —that they have chosen the 
regenerative cycle as the final recommendation at the present time 
even though its economy from a thermal standpoint may be slightly 
less. 

Attention has been called to the advantage of using separators in 
the turbine in order that some of the water might be extracted as 
the steam passes through the turbine. The authors do not claim 
to know whether that problem can be solved or not. They do claim, 
however, that it appears to be such an attractive proposition that 
they believe turbine designers ought to make an extra effort to 
see if more cannot be done than is known about it at the present 
time. If they have tried it, and tried it very faithfully, they should 
give details as to why it failed. 

The bleeding of superheated steam, as mentioned by several 
engineers, involves so many factors that the authors did not have 
time to consider it in this paper. However, they believe that it is 
perfectly logical to make the comparison of the ideal cycle with 
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the actual plant in which bleeding begins in both cases as soon as 
the saturation curve is reached. They also believe it would be 
logical to make a comparison when the bieeding begins, in both 
the ideal and real cases, with superheated steam at some pressure 
common to each case. Both types of actual plants are in use today. 
The authors agree with those who believe that the regenerative 
cycles with a throttle temperature of 800 deg. fahr. would probably 
show much better results if the bleeding should begin in the super- 
heated region, but that is not the case considered for any cycle 
in this paper. 

Professor Wohlenberg has correctly inferred that the low engine 
efficiencies assigned to the regenerative cycles follow from the fact 
that actual equipment, with but few extraction feedwater heaters, 
is compared with ideal equipment with an infinite number of 
heaters. The engine efficiencies therefore include, as he points out, 
imperfections in the actual cycles as well as imperfections in the 
application of these cycles in real machines. 

With respect to the superheater and reheater heat-transfer rates, 
which Professor Wohlenberg criticizes, the authors may cite the 
results obtained by Mr. P. W. Thompson.1 

In that test the purely convection type of superheater absorbed 
heat at rates varying from about 2000 to 7800 B.t.u. per sq. ft. 
per hour for boiler ratings ranging from 85 to 270 per cent. Similar 
results have also been obtained elsewhere, but so much depends 
upon the design and location of the superheater that it is useless 
to argue this point. 

Mr. Broido states that Fig. 19 indicates that at the higher pres- 
sures the reheating-regenerative cycle is less efficient than the 
regenerative one. In reply the authors desire to call his attention 
to the fact that this figure does not represent efficiencies at all, 
but the available energy that may be obtained, from the steam 
in passing through an ideal turbine, per unit volume of steam 
passing to the condenser. In other words, the relative values 
shown by Fig. 19 are roughly inversely proportional to the relative 
amounts of condenser surface, as may be seen from a comparison 
of Figs. 19 and 21. 

Regarding high-pressure turbines, Mr. Alden said that decreased 
costs might result from going to high pressures and that higher 
values of the efficiencies might be obtained than those given in 
Fig. 20, for the regenerative cycle. If that is so, it will strengthen 
the author’s final conclusions. If the high-pressure plant costs 
less than they have estimated, so much the better. If the effi- 
ciency of the regenerative cycle is higher than they have estimated, 
again so much the better. So they hope that Mr. Alden is right 
in every particular. 


1 Tests of a Type W Stirling Boiler at the Connors Creek Power House 
of The Detroit Edison Company. Trans. A.S.M.E., vol. 44 (1922), p. 1005. 
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Mr. Landis has described an interesting and valuable graphical 
representation of the processes involved in the regenerative cycle, 
perhaps, as he himself states, not well adapted to convenient and 
quick representation for purposes of computation, but certainly 
very satisfactory for displaying the physical processes in a readily 
comprehensible manner. The authors might suggest that his 
figures would be even clearer if the temperature-entropy-mass 
volumes, that were removed to represent steam extracted during 
expansion, were drawn at the front of the diagram rather than at 
the back. They cannot agree with him, however, when he states 
that the authors’ Fig. 4 is not a temperature-entropy diagram for 
an ideal regenerative cycle. It is believed that Par. 13 states 
the conditions for which Fig. 4 is drawn. There are other conven- 
tional temperature-entropy diagrams which may also be used 
for this cycle. Each one possesses certain points of value over 
the others. iy 

Regarding the point brought up by Mr. Drewry (p. 812) as to 
whether supersaturation, or excessive moisture, is the cause of the re- 
duced efficiencies in the low-pressure stages of turbines, it is of course 
impossible to be sure. However, the authors feel that the internal 
reheating in a turbine using wet steam is certainly much greater 
than in one using superheated steam. Whether the term “friction” 
should be used to express this fact may be a debatable point, but 
when one observes the erosion of turbine blades which have been 
used for a few years with wet steam impinging upon them, it makes 
one believe that the moisture has certainly been a big factor in 
producing the worn blades. This worn condition of the blades 
was surely produced by an expenditure of energy which came from 
the steam, and whether or not this loss should be spoken of as 
“friction” is immaterial. 

Regarding the names of the cycles, Mr. Hodgkinson said that 
he would prefer to call them all Rankines. With that statement 
the authors disagree as they believe that we name things for the 
purpose of enabling us to talk about them, and if things are different 
they should have different names. Moreover, it is hard to change 
technical definitions. Referring to Fig. 20, most of those who 
discussed the paper orally evidently think of it in terms of “effi- 
ciency ratio” and it would be difficult, indeed, to get the average 
engineer to think of cycles (which, strictly speaking, are not 
Rankines) as Rankines if a number of things that modify that 
cycle were to be changed so that Rankine himself would never 
have recognized it. 

Mr. Rosencrants points out that higher regenerative-cycle 
efficiencies could be obtained by continuing the extraction feed- 
water heating above the point at which, the adiabatic expansion 
line intersects the saturation curve. This is unquestionable. The 
authors limited their studies arbitrarily and consistently, so that 
all results might be properly comparable. They have not thereby 
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expressed it as their opinion that this limit is desirable in actual 
practice. 

If Mr. Rosencrants is correct in assuming that the turbine can 
utilize steam at as high temperatures as present-day piping and 
superheaters can supply it, then of course he is correct in stating 
that a loss results from using superheated steam for reheating 
expanded steam. This is a question of machine and plant design 
and construction, on which much light will be thrown by develop- 
ments already in progress. 


M. K. Drewry.! Professor Christie is right in calling attention 
to the approximation occurring in Item 43. Although the authors 
only intended that value and also Items 41 and 42 as approximate 
design values, they inadvertently did not label them as such. 
Item 43 may be obtained accurately by multiplying Item 39 or 
Item 40, the steam rates when extracting, by Item 1, the output. 
As representing manufacturers of turbines, the authors have been 
primarily interested in economies, and have therefore overlooked 
the occasional need of commensurate accuracy in design values. 

The pipe-loss drop of 5 per cent and extraction-nozzle decrease 
in pressure of 2 per cent are arbitrary, unless specific installations 
are considered. It was the intention of the authors to indicate all 
corrections, however small or unimportant, so that allowance for 
them would not be overlooked in actual application of the method. 
One loss omitted, however, consists of the steam vapor discharged 
in the air vents from one heater to the other, if such occurs. 

In substantiation of Professor Christie’s discussion of the use 
of superheated steam in extraction heaters, the results of some 
computations as to the loss caused by desuperheating that steam 
are submitted. They show that in a typical non-reheating eycle 
the loss is only one-twelfth of one per cent, though in a reheating 
cycle it amounts to six-tenths of one per cent, an amount that 
does not forestall the use of the desuperheater. 

If experience shows desuperheaters to be more commercially 
desirable than special heaters, they should be applied in any case, 
for the losses cited above are much less than those due to limita- 
tion of final feedwater temperature. 

Another point brought out in the discussion was that turbine 
efficiencies in the higher-pressure sections in certain types of 
machines were not as low as the authors had represented them. 
In preparing the paper it was necessary to give a workable hypothe- 
sis. The amount of information in this country regarding impulse 
turbine efficiency is not great. Stodola’s book, however, gives 
efficiencies for these elements of about 60 per cent, and these curves 
for the other turbines were inserted in the paper as an approxima- 
tion, for the reason that nothing better was available. The au- 


} Closure to discussion on Paper No. 1913 ¢, p. 713. 
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thors have since learned that 70 per cent was more nearly correct 
for this type of machine than the 66 per cent given in the paper. 
In this connection, they have in Fig. 5 represented the straight 
reaction machine as having an efficiency of 812 per cent in the 
high-pressure section. Actually reaction turbines as tested have 
shown higher efficiencies than this. 

The question of steam-driven auxiliaries is interesting in this 
connection. The authors, in their paper, made a study of the 
steam-jet air pump, taken from a typical installation at present 
in operation. The study showed that, if considered in its relation 
to the overall plant efficiency, 0.80 per cent of the total steam 
was fed to the auxiliary, and that 0.72 per cent was chargeable 
against the unit with no credit for feedwater heating. It should 
be appreciated that the true function of a power plant is to deliver 
power, and not to heat feedwater. The steam-jet air pump has an 
efficiency based on the work done of perhaps not more than one or 
two per cent, while the piston air pump has a thermal efficiency 
of from 10 to 20 times as much. There seems to be no question, 
aside from liability considerations, but what the electrically-driven 
auxiliary should displace the steam-driven one. 

One of the papers presented expressed considerable confidence 
as to the possibilities of bettering turbine efficiencies by extracting 
surplus moisture from the lower pressure stages. Though an ex- 
tremely debatable subject, since it involves the elusive subject of 
supersaturation, it appears without basis when considered from 
the following viewpoints. 

First, some proponents of the practice suggest that ‘‘friction” 
of the moist steam is the cause of the loss, claiming a greater loss 
of frictional pressure drop with moist than with dry steam. In 
the light of many experiments showing that the drop in the head 
necessary to force a given fluid through passages at high velocities 
is independent of the nature of those fluids — that at high velocities 
water and molasses pass through restrictions with equal pressure 
drops — this theory appears untenable. 

Power loss due to moisture could occur by alternate inefficient 
acceleration and stopping of separated moisture in the forms of 
“slugs” of water. The theory of supersaturation of steam indi- 
cates the presence of moisture drops on the internal turbine casing, 
but that these few drops suspended in the moving fluid should 
cause a considerable power loss seems improbable. 

Since supersaturation occurs only in the saturated field, one is 
led to attribute some of the 10 per cent difference in efficiency in 
the superheat and saturated fields to that phenomenon. That 
the degree of such loss is a function of the moisture cannot be said 
with assurance. In fact, some writers question the presence of 
the loss past the Wilson line, which roughly follows the 95 per cent 
quality line of the Mollier chart. However, since opinion does say 
that the loss probably does occur immediately upon crossing the 
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saturation line, it is apparent that reheating in external heaters, 
not mere moisture extraction from the casing, would be the only 
apparent solution. 

It is felt that the greatest percentage of the observed 10 per cent 
greater efficiency in superheated than in saturated fields, as occurs 
in straight reaction-type machines, is due to the wide difference in 
internal reheating in these fields. A glance at the comparative 
non-parallelism of the pressure lines in the two fields, as shown on 
the Mollier chart, will illustrate this point. 


W. J. WoHLENBERG.! Professor Christie mentions an optimum 
or best pressure of 1000 tb. It is important to note that this 
optimum exists when the station is 
designed for a given steam-genera- 
tor efficiency. For a given steam 
generator, as shown by curves D to 
H, Fig. 13 (p. 750), this optimum is 
considerably lower. 

The data on the end-point curve 
submitted by Professor Christie seem 
to bear out the general trend of the 
relation. It should be remembered, 
however, that each turbine type may 
have its own end-point curve. 

Mr. Broido has presented some 

3 very valuable information on reheat- 
Fig. 12 ing-cycle and _high-pressure-boiler 
developments in Europe. The in- 
terstage reheating cycle in which reheat is absorbed from high- 
pressure steam certainly presents a practical solution of such a 
problem which may bear further investigation. Of course, by 
this method the heat is indirectly withdrawn from the flue gases, 
and it is apparent that isothermal reheating may be approached. 
Furthermore, the definite temperature control possible with this 
method is of great advantage, and surface requirements in reheaters 
should be greatly reduced. 

Mr. Orrok mentions the fact that the internal-machine-efficiency 
coefficients probably should have been taken for machines designed 
for the conditions, rather than extrapolated to the high-pressure 
and reheat field from data available from a given machine. This 
point is important, but as accurate data for high-pressure reheat- 
ing machines are not available it seemed that for relative values 
the method used would yield better results than attempted extrap- 
olation of doubtful coefficient variations. At any rate, the high- 
pressure corrections are probably on the safe side, so that gains 
in economy may be expected up to the optimum-pressure values 


1 Closure to discussion on paper No. 19134, p. 741. 
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indicated. Whether or not the divergence of efficiency values for 
reheating and for other machines is too great may be determined 
only after more experimental data are available. By means of 
the end-point curve the same variation of machine efficiency with 
conditions is made the basis of determination for all cycles, and, as 
is later shown, the validity of such a method may be demonstrated. 

The End-Point Curve and What it Assumes. Mr. Helander 
emphasized the fact that figures taken from the curve in Fig. 10 
might not be applied with theoretical accuracy to reheating-cycle 
machines if the curve was constructed from test data for Rankine- 
cycle machines. It is the purpose of this analysis to expose, so 
far as is possible, the structure on which such a relationship is 


70 200 400 600 600 1000 1200 1400 
Pounds Pressure and Degrees Fahrenheit of Superheat 
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based, in ‘order that engineers may know more exactly how it may 
be applied. It shows that for the field considered, the methods 
used involve errors so small as to be negligible with the present 
knowledge of the subject, but that when applying the method by 
extrapolation from Rankine-cycle to reheating machines the errors 
involve the type of high-pressure elements in the machine under 
consideration. 

In the application of Fig. 10 to Rankine-cycle machines, from 
the test data of which type the curve was constructed, the relation- 
ship assumed as to such cycles is illustrated by reference to the 
accompanying temperature-entropy diagram, Fig. 12. In what 
follows the term efficiency is used to designate internal machine 
efficiency. Referring first to Fig. 10, it is noted that for a given 
back pressure and adiabatic end point there is a given machine 
efficiency. Referring next to Fig. 12 (p.814), we find that for a given 
pack pressure A — H any number of Rankine cyclessuch as ABGKH, 
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ACFJH, etc., may be traced through for the same end point H. 
It follows that the end-point curve assumes for a given back pres- 
sure such as A — H that adiabatic lines such as H — I are also 
virtually lines of constant effi- 
ciency within the limits of the 
problem investigated. 

_ Let us see, first, if such a rela- 
tion appears possible, and, second, 
if it can be verified within reason- 
able limits for the range of con- 
ditions investigated. Comparing 
the Rankine cycles ADEIH and 
ACFJH, it is apparent that for 
the latter both initial pressure and 
superheat are less than for the 
former. Decreasing initial pres- 
sure tends to increase the in- 
ternal machine efficiency, and 
decreasing superheat tends to 
decrease it. It seems, therefore, 
that within limits, such adiabat- 
ics virtually may be also lines 
of constant internal machine effi- 
ciency. 

A determination of the mag- 
nitude of any errors resulting 
from such an assumption in- 
volves practical pressure and 


7 : : 
Fic. 14 superheat correction coefficients. 


We shall use the 1921 coeffi- 
cients of Bauman. These are developed only up to 500 lb. pressure 
and 400 deg. fahr. superheat, but the curves may be extended 
with the results shown in Fig. 13 (p. 815). In applying the 
coefficients the following relation is used: 


E, = E\(1 + B,+ B,) 


in which E; represents the corrected efficiency obtained by applying 
coefficients B, and B, from the curves. In the investigation, a field 
such as is illustrated by adiabatics AB, A’B’, A’’B”’, etc., in Fig. 
14 abovejwill be covered. The following adiabatic is first considered: 


Rotates ern a ow ne pain Cooney eae a b c d é if; 
Preasures 1b... «ony, Oth he. leet 1200 600 500 400 300 240 
Temperature, deg. fahr.. ...... 800 640 575 522 460 410 


The following net corrections result: 


atob atoc atod: atoe atof 


Bp + Bs = Opin sta es 0.007 + 0.002.+ 0.001 + ,0.008 — -0.028 — 
Supheater (deg. fahr.) at . . . b=154 c=108 d=77 ‘°¢ =43 f=12° 
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It appears that until the superheat is well below 50 deg. fahr- 
the net correction is very small, in fact one-half of one per cent 
or less. If the correction factors (B,+ B.) are plotted against 
pressure a haphazard sort of curve is discovered, but the absolute 
value of the correction is inconsiderable until the low superheat 
is reached. 


A second adiabatic to the right of the first one yields the following 
data: 


: Temp., Superheat, Correction 
Point Pressure, lb. deg. fahr. deg. fahr. Bp + Bs 
a’ 600 800 314 
b’ 300 615 198 a’ to b’ = 0.006 + 
ce 200 520 138 a’ toc’ = 0.007 + 
da’ 150 460 102 a’ tod’ = 0.009 + 
e’ 100 373 45 a‘ toe’ = 0.00 
fw’ 400 690 (e’) 45 f' toe’ =0.007 — 


The correction factor is again small and inconsistencies appear 
if a curve is plotted. Now it is logical to assume that no such 
irregular variations in efficiency will occur as the initial or high 
point of the cycle is moved along an adiabatic line. The conclusion 
is that within the range of condidions of this problem the end-point 
curve yields efficiency values that will be more accurate as to trend 
than any coefficients arrived at through a series of correction 
factors. Of course, for initial conditions of very low superheat 
and pressure it will be necessary to have an additional end-point 
curve. However, such conditions do not appear in this problem. 

Finally, a comparison is made in the field of extreme superheat 
as shown below: 


Point Pressure, Temp., Superheat, Correction 

lb. deg. fahr. deg. fahr. Bp + Bs 
a”’ 1200 1240 672 
be 300 800 383 a’ to b” =0.017 + 
(ed 100 520 192 a’ toc” = 0.021 + 
a” 600 1007 521 a” toc” = 0.003 + 


It is to be noted that for the first two cases above the correction 
is in the vicinity of 2 per cent, but that in the third case it is less 
than 0.3 per cent. It appears, therefore, that for the very high, as 
well as for the very low, superheat a special end-point curve should 
be constructed. However, the coefficients B, and B, have been 
extrapolated a great distance to obtain these results, and probably 
little faith may be placed in the magnitude of the net correction. 

To sum up, we may now say that for the principal field of initial 
steam conditions of this problem the end-point curve probably 
yields for the Rankine-cycle machines efficiency values more consist- 
ent and of better relative trend than would be those obtained by a 
series of correction coefficients, and, furthermore, the error in ab- 
solute values certainly will be within one per cent. The investiga- 
tion brings out three important conditions concerning the variation 
of internal machine efficiency as the high point of the cycle is 
moved along an adiabatic line. First, within the usual operating 
range, adiabatics are virtually constant-efficiency lines. Second, 


818 POWER-PLANT ECONOMIES 


in the very-low-superheat field the efficiency decreases along de- 
creasing adiabatics because of the preponderant influence of decreas- 
ing superheat. Third, in the very-high-supetheat field the efficiency 
decreases along adiabatic lines 
for increasing conditions because 
of the preponderant influence on 
efficiency of increasing pressures. 

The net result is illustrated 
by the constant-efficiency lines 
shown dotted in Fig. 15. The 
same lines may be represented 
in a Mollier chart. In con- 
structing the lines it should 
be remembered that the end- 
point relation assumes a con- 
stant back pressure, and that, 
therefore, the curves assume the 
same condition to be true. It 
is now important to note that 


g such a picture of the probable 
Fig. 15 Constant-EFFricieNcy trend of machine efficiencies 
Linzs? may be of considerable assist- 


ance in determining actual 
trends and values. 

Having demonstrated the va- 
lidity of this method for the Ran- 
kine cycle, it now becomes 
necessary to investigate further 
in order, to discover the mag- 
nitude of errors involved when 
applying the end-point relation 
to reheating machines. 

End-Point Curve Applied to 
Reheating Cycles. Referring to 
Fig. 16, it is seen that for a given 

Fic. 16 end-point G any number of 

Rankine cycles such as ABCEG, 

AKJFG and AB’C’H’GHA exist, and they will have substan 

tially the same machine efaviency: A one-stage reheating cycle 

with the same end point is represented by ABCDHFG. This 

cycle is closely comparable to the first and third Rankine cycles 

above mentioned, and should therefore have very nearly the same 

internal machine efficiency. It is obvious that the magnitude of 

the introduced error depends on the relative height of the point 
H at which reheating begins. 


i (Dotted lines show probable trend of constant internal machine efficiencies. C — D 
= constant internal machine erat oney, curve for back pressure A. All Rankine cycles 
such as (H — A), (@ — A), and (F — A) have same machine efficiency. Above point 
E all such cycles have practically same end-point B.) 
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In order to evaluate the efficiency of the reheating cycle in an 
apparently logical manner, we shall divide the cycle into two parts 
as suggested by Mr. Helander, the Rankine cycle AKJFG having 
an efficiency equal to that found from the end-point curve, and a 
second cycle KBCDHJK whose efficiency may be either higher or 
lower. The latter cycle will usually be contained within the super- 
heated region, under which condition the deciding factor as to 
plus or minus error in efficiency may be determined by the type 
of high-pressure elements in the machine under consideration. It 
follows that the latter condition will have a bearing on the value 
and required amount of reheating. The above cycles may be desig- 
nated as KBCDHJK = B, and AKJFGA = C. 

The corrected mean efficiency may now be stated in terms of 
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a weighted average in which the weights are taken equal to the 
expected heat drops during expansion in each cycle. These are: 
for cycle B, Aig- Ep; and for cycle C, Aicg:-Ec. In these expressions 
Aig and Aig denote the adiabatic heat drops of the ideal cycles. 
The corrected mean efficiency is represented by 


a Aip: E*p + Aic: Eo 
™” Aip-Ept Aic: Eo © 


It is to be noted that the efficiency H,, as here developed will 
apply to that reheating cycle which has the points D and F in 
exactly the same position as those occupied by these points in that 
ideal reheating cycle for which the ideal thermal efficiency is 
evaluated. The product of the two efficiencies is thus the actual 
thermal efficiency of a reheating cycle with the fixed points D and 
F. If the ideal performance is to be related to the actual perfor- 
mance of a distorted actual cycle in which the point F has been 
displaced to the right of the position it occupies in the ideal cycle, 


[1] 
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the final result must be arrived at in .a somewhat different manner, 
which will be shown later. 

Before expression [1] may be evaluated it is necessary to deter- 
mine the efficiency Hg. This may be approximated in the following 
manner. Find Ep; for the Rankine cycle of which B is the top, by 
means of the end-point curve for end-point J. Next determine the 
point N at which the expansion line DJ cuts the saturation line. 
Then by applying a practical relation between efficiency and the 
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Fie. 18 Internat Macuine Erriciency, Parsons 30,000-Kw. 
CompounpD TURBINE 

(Back pressure = 1 in. Hg; H and I = 1000 deg. fahr. steam temp.; H = 2-stage 

reheating; J = 2-stage reheating plus 2-stage bleeding; C, G, B, F, A, D, E = 750 deg. 

fahr. steam temp.; C = 2-stage reheating; G = 2-stage reheating plus 2-stage bleed- 

ing; B = 1-stage reheating; F = l-stage reheating plus 1- or 2-stage bleeding; A 


D, and HE = Rankine and regenerative machines.) 4 


superheated and expansion ranges, expression [2] may be evaluated 
for either Epy or Eyrz. 


Atpn: E*pn + Ain: E?nr 


Aipn:Epy + Atri: Enz es [2] 


It may be argued that greater accuracy is obtainable if the 
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actual heat drops Ai’py and Az’y7 in the superheated and satu- 
rated fields are found and the expression is used in the form 


Ai'’py: Epn + Ai'yr- Ent 
At'pn + Ai’nr 


That the two expressions will yield slightly different results is 
apparent when noting that [2a] gives greater weight to Epy and 
less to Hy 7 as the efficiency in the superheated field decreases. This 
is as it should be, whereas in [2] the weights are entirely deter- 
mined by the point at which the adiabatic line cuts the saturation 
curve. 

For Parsons turbines, Messrs. Brown and Drewry point out in 
their paper ' that Epn is 10 per cent greater than Ey;. The latter 


=\Epr AEE ae aa! [2a | 


term therefore may be replaced in [2] and [2a] by (=2"), whence 


Epn may be determined. But Epy is practically equal to Eg if Aig 
is all in the superheat field, whence expression [1] may be solved 
for E,,. By using [2], for convenience, the following results are 
obtained in the solution: 


Tnitvall pressure,.1D. per Gdr iMate s.66 Ga 2 os ys 300 1200 
Efficiency from end-point curve, percent .... . 83.4 79.6 
Corrected value of Em from [1], percent ..... 83.45 78.8 


The two-stage reheating cycle is shown in Fig: 17 (p.819). A com- 
parable Rankine cycle has its high point at H’. The reheating 
cycle may be divided into the following part cycles: OABCGPO = B; 
OPHIMNO = C; NMIJEFN = D. Then 


~ Aip- E?p + AicH?c + Aip- H*p 


o” = “Aig-Eat Bie-Bo+ Aip-Ep °° °° 


in which the values of Hg and He are found in a manner similar 
to that previously outlined for finding Hg in the one-stage cycle. 
The following results are obtained: 


Ameia PressuLvey tO. PEL SO- 1.) we se kn de 300 1200 
Efficiency from end-point curve, percent ..... 84.5 82.2 
Corrected value of Hm from [3], percent. ..... 84.4 81.3 


It is to be noted that in both of the cases investigated the maximum 
difference is less than one per cent, which is probably within the 
error of necessary assumptions. 

In Fig. 18 (p. 820) the end-point efficiency values are indicated by 
solid lines and the corrected values E,, by dotted lines. It is apparent 
that below optimum pressures the divergence is exceedingly small. 
For the type of machine investigated it appears, therefore, that the 
trends and relative positions are very nearly correct. ‘ 

In working out the above corrected values of Ep, it has been 


1 Economy Characteristics of Stage Feedwater Heating by Extraction. 
See page 713. 
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assumed as before noted that the point F, Fig. 16, is that of the 
ideal cycle, whereas actually it might be displaced to the right as 
shown by F’ in Fig. 19. This condition is caused by the reduction 
in optimum reheating pressures due to internal machine losses such 
as friction and leakage. For such cases the end-point efficiency 
values should be taken as those corresponding to the displaced 
end-point, H’. The actual and ideal cycles are represented respec- 
tively by areas ABCDE'F'G’ and ABCDEFG. It is obvious that 
the end-point efficiency for H’ may not be multiplied into the 
thermal efficiency of the above ideal cycle in order to obtain the 
thermal efficiency of the actual cycle. The ideal heat drops during 


DF ,F’ 
; 


ge 
Fie. 19 


the expansion of the actual cycle are now those on the adiabatics 
DI and F’H’ in place of those on the adiabatics DE and FG 
of the ideal cycle. It is apparent for this case that the problem 
is one of relating the ideal and real performances of a modified 
cycle rather than one of evaluating the work expected by discovering 
the fraction of available energy in an ideal cycle which may be 
converted into work. The latter method has been used in the 
paper. In order to solve the former it is merely necessary to 
multiply the sum of the adiabatic heat drops from D to J and from 
F’ to H’ by the end-point efficiency for H’. This product represents 
expected work, which may then be related to other quantities 
involved. 

If a greater refinement is to be resorted to in the evaluation of 
the machine efficiency for this case it may be found, in a manner 
similar to that already outlined, from the relation 

_ Aipr:E’pr + Aip'y': Epp’ 


En = . Epa 4 
Aipr: Ep + Aip'x’: Ep’ x’ [4] 
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in which the subscripts refer to points shown in Fig. 19. Evaluation 
of Epz involves, as before, the relation between efficiencies in the 
high- and low-pressure sections of the turbine under consideration. 

The question arises as to the degree of error involved in the 
direct application of the end-point relation to reheating machines 
in which a difference exists in the type of high- and low-pressure 
sections. Examples of such machines are seen in the Westinghouse 
combination and in the Curtis-Rateau machines. In both cases a 
velocity compounding wheel is used in the high-pressure section, 
which, relatively speaking, has a low stage efficiency. For such 
cases the end-point efficiency taken from a Rankine-cycle machine 
curve may be low, and Equation [4] or its equivalent is 
recommended. 

Once reheating machines are in use, the whole problem will, 
of course, be simplified, as end-point curves may be constructed 
directly from then available data for such machines. 
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MEASUREMENT OF MANAGEMENT 


By JosrerH W. Roz,!-New York, N.Y. 
Member of the Society 


In this paper the author discusses the need of measurement and the 
characteristics necessary in any method of measuring management, and 
outlines a method for comparing managerial performance in different 
plants or variations thereof in a single plant. 


(THE purpose of this paper is to outline the problem and to 

suggest a method for evaluating management which will 
be trustworthy, practically useful, and as free as possible from the 
element of personal opinion. 

2 Is Management Measurable? It is desirable to face this 
question squarely in view of the frequency with which we encounter 
one or the other of two answers to it. The first is, ‘‘Of course it is, 
and the balance sheet and profits are the measure.” This is too 
easy to be true. Profits are usually an indication of good manage- 
ment, not a quantitative measure of it. They depend on condi- 
tions beyond the control of the management, as well as on those 
within its control. A business which showed a good profit in 1919, 
at the height of the boom, may have shown none in 1921, at the 
depth of the depression; and yet it may have called for more skill 
to have avoided a receivership in 1921 than to have earned the 
dividend in 1919. Any true measure must confine itself to those 
conditions over which management has control. 

3 The other answer is, ““No. Skill in management is too com- 
plex and too personal to be capable of measurement at all.” This 
is the other extreme. Management must be, and is being, daily 
evaluated in some way, if not by measurement, then by personal 
judgment. The complexity and personal element are granted. 
Management, from this very complexity, is partly mechanistic, 
conforming to natural and sociological laws, and only in part 


1 Professor of Industrial Engineering, New York University. 


Presented at the Management Session of the Chattanooga Regional 
Meeting of Tue AmErRICAN Socipty or MrcuanicaL ENGINEERS, Chatta- 
nooga, Tenn., October 23 and 24, 1923; also October 23 at joint manage- 
ment meeting of New York Sections of Taz Amprican Socinry or MEcHAN- 
IcAL ENGINEERS, The Taylor Society, the Society of Industrial Engineers, 
the National Association of Cost Accountants, and the American Manage- 
ment Association. 
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personal. The terms “Science of Management” and “Art of 
Management” are both in general use. In so far as management 
is a science, measurement can and should be used, to the great 
advantage shown in every other science. Those elements which 
constitute an art, and are’based on personal skill, leadership, and 
imagination, as well as the vital element of integrity, can and should 
be left to judgment as heretofore. Where applicable, measure- 
ment is more trustworthy. It should therefore be applied wherever 
possible. 

4 What Does Management Cover? Management is recognized 
to cover a much wider field than formerly. This is reflected in the 
transactions of the A.S.M.E., which contain the most complete 
record of its development. The earlier volumes deal only with 
the technical aspects of production. In 1886 Mr. Towne pro- 
posed that the Society undertake to gather information on industrial 
management. In 1889 he gave his paper on Gain Sharing, and 
Mr. Halsey’s paper on the Premium Plan was given in 1891. In 
later volumes one sees the range of topics constantly widening. 
Mr. Taylor’s work was, at first, also directed toward finding a 
satisfactory basis for wage payment, but his investigation steadily 
broadened until it included a whole system of shop management, 
cost accounting, routing and scheduling, etc. Today manage- 
ment is generally recognized to include not only production, but 
finance, purchasing, sales, accounting, and personnel administration. 

5 The methods of measurement proposed in this paper will be 
confined chiefly to the field of production, although it should be 
recognized from the start that production is only one of a number 
of equally important functions. This limitation is made because 
it seems at present to be the field in which measurement can be 
most readily applied and with the greatest promise of success. The 
development of a workable method covering production may 
make it easier to develop methods for other fields. 

6 The Need of Measurement. The management function has 
been judged since the days of the stone age, when men first began to 
work collectively. Until recently, however, there has been little 
thought of actually measuring it. 

7 There is a great difference between judgment and measure- 
ment. To judge is to arrive at a conclusion or a decision by weigh- 
ing or comparison. To measure is to ascertain quality, dimensions, 
or quantity by comparison with a standard. In judging things, 
they are compared one with another. In measuring them, all are 
compared with the, same thing, namely, the standard. Comparison 
is common to both, but the use of an agreed-upon standard as the 
basis for comparison distinguishes measurement from judgment. 
Judgment is the more widely applicable process. Measurement is 
possible only where a standard can be used. Measurement, where 
applicable, is the more definite and satisfactory, because all agree 
to compare with the same thing, the standard. 

8 If practicable standards can be set up for at least some of 
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the managerial functions and suitable methods of comparison also 
agreed upon, a part at least of the personal element used in eval- 
uating management can be eliminated; and in so far as measure- 
ment can be thus substituted for judgment, to that extent will the 
rating become more trustworthy. 

9 There is increasing need for more trustworthy evaluations of 
management because of: 


a The increasing scale of production. Mistakes in manage- 
ment are more disastrous now than when production was 
on a smaller scale 

b The widening of competition to a national and even inter- 
national basis. To compete with foreign labor, American 
productive facilities must be used to maximum advantage 

ce The narrowing margin of profit. In the easy-going days 
a generation or two ago, profits were large enough to 
permit inefficiencies of management which today would 
be fatal 

d The development of management as a separate function. 
Formerly the manager was usually the owner. Now, 
more and more, he is acting for others who are the owners, 
and is responsible to them. It is desirable that the owners 
have better means for gaging the effectiveness with which 
their business is being managed, and that the managers 
be able to prove their work to the owners 

e The diversity of the points of view from which management 
is, and must be, judged. The interests and personal 
views of those making these judgments lead to different 
estimates for the same set of conditions. In so far as they 
can agree upon a common method, it will be a benefit to 
all 

The rapid development in management methods. New 
methods are being tried, some wise, some not. We 
should be able to determine their effectiveness quanti- 
tatively, if possible; to pass judgment on them on the 
basis of actual fact instead of predisposition, enthusiasm, 
or habit 

g It is desirable to have some form of progressive judgment, 
to know what the management is accomplishing, not 
what it has done after crucial mistakes have been made. 


10 It isa healthy sign that responsible industrial engineers and 
executives are the very ones who are most desirous to have their 
work measured. They are calling for it and will welcome it as a 
means for assisting them in their work. 

11 The Effect of Measurement in Other Sciences. The great 
development of modern science has been based upon improvements 
in measurement. Before the application of measurement the 
sciences were largely speculative, practically useless, sometimes 
dangerous, and often a cloak for imposture. With the develop- 
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ment of measurement they have grown exact, effective, and useful. 
Natural philosophy has become physics, alchemy has become 
chemistry, astrology has become astronomy, and modern medicine 
and surgery have developed from the blood letter and chirurgeon 
of the Middle Ages. 

12 There is every reason to believe that in so far as measurement 
can be applied to management, it will be of similar benefit. Meas- 
urement in management should 

a Increase its practical utility 

b Permit action with more practicable results, and 

c Tend to sift the wheat from the chaff both in men and 
methods. 

13 Use of Proven Methods. The answer to a new problem often 
comes through the application of methods and means which have 
been in successful use in other fields. We now have satisfactory 
means for measuring the performance of machihes and of workmen 
in connection with commercial production, which are in daily use 
and .of incalculable value in modern production. It is well to 
consider how far these may be applicable in the field of management. 


MEASUREMENT IN ENGINEERING 


14 Three elements are characteristic of measurement as applied 
to commercial production: 

a An agreed-upon standard, the qualities of which we seek 
to approach or duplicate 

b Agreed-upon units of measurement applicable both to the 
standard and to the things to be measured 

c Means or methods of impersonal comparison of the thing 
to be measured with the standard by means of the agreed- 
upon units. Impersonality is the soul of measurement 
and is one of the elements which differentiate it from 
judgment. Different persons, properly qualified and in 
possession of the same facts, should be able substantially 
to duplicate the results. 

15 As an embodiment of these three characteristics, we might 
have 

As the standard (a), the barrel of a model rifle 

As units of measurement (b), inches, degrees of curvature, 
hardness, etc. These can be used to express the desired 
qualities so completely that 10,000 barrels can be made 
from well-dimensioned drawings without the use of the 
model barrel 

As methods of impersonal comparison (c), plug and ring gages, 
contour gages, etc., whereby any properly qualified person 
can determine the conformity of the production barrels 
to the model within the limits desired. 


1 Medicine is the least exact and certain of the sciences mentioned just 
because it is the one in which measurement is most difficult. 
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16 Phases Affecting the Problem. The use of these elements in 
actual production is scientifically correct and perfectly practical. 
They are used in the production of millions of dollars’ worth of 
material every day. It is worth while to see if their use cannot be 
extended from the material side of production to the more intangible 
executive side. In doing so, however, three phases should be borne 
in mind: 

17 (a) Break-Up into Functions. It is a fundamental principle 
in science and engineering that a problem involving several varia- 
bles can be solved only by segregating each variable, solving it 
separately, and then combining the results. Babbage recognized 
this as applying with equal force to problems of manufacture in 
his remarkable ‘‘Economy of Manufactures,” written nearly 100 
years ago. Management is a complex function involving a large 
number of variables, and no satisfactory rating for it can be obtained 
unless this procedure is followed. This breaking down into separate 
elements was the basis upon which Mr. Taylor built up his methods 
of time study. The only hope for measuring management success- 
fully is to extend his general method from the study of a single 
task to that of management as a whole. 

18 (6) Measurement by Reactions. Science and engineering 
continually deal with quantities not directly measurable upon the 
principle that action and reaction are equal. If we can identify a 
cause and its effect, and can measure that effect, we have a measure 
of the cause of that effect. This principle may be utilized in this 
problem in evaluating some of the executive elements which are 
not themselves directly measurable. ‘ 

19 (c) Extreme Accuracy Not Essential. Measurement does not 
have to be extremely accurate to be useful. If we measure in the 
same way each time, with the same units, and recognize that the 
results are approximate, we are far better off than with no measure 
at all. 


CHARACTERISTICS Necessary IN ANY Mertuop or MEASURING 
MANAGEMENT 


20 Any method of measuring management which has any hope 
of being successful must have the following characteristics, some of 
which have already been referred to: 


a It must be sound, clear, and convincing 

b It must be based on ascertainable facts 

c It must reflect the conditions under which the management 
operates 

d It must attempt to measure only such elements as are 
measurable 

e It must be confined to those elements over which the 
management has control 

f It must eliminate, as far as possible, the element of opinion 
in application, that is, be impersonal 
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g It must offer a better and sounder basis for measuring the 
managerial function than we now have 

h It must be useful. It should give more than an overall 
efficiency, and should indicate, if possible, the relative 
strength and weakness of the various elements to serve 
as a guide for development and improvement 

~ It must be as simple as is consistent with the complexity 
of the problem to be solved. 


The author feels that the various methods suggested up to this 
time fail in one or more of the characteristics given above. The 
general procedure used in scientific and engineering measurement 
can be adapted to the measurement of some, at least, of the ele- 
ments of management in a way which will satisfy these conditions. 

21 With the above considerations in mind the following method 
is suggested: 


a Break down the managerial function into component 
elements which may be considered separately 

b Set up an ideal performance for each element 

c Set up a standard of performance for each element which 
shall, if possible, conform to this ideal; if this is not pos- 
sible, one which will give a practical working basis ap- 
proaching that ideal and will mean the same thing to all. 
If no standard seems practicable at this time, this element 
may be omitted from the rating 

d Set up a method of rating the performance of the manage- 
ment against each of these standards 

eé Develop a method of bringing together the individual 
element ratings, properly weighted, into a composite 
rating. 


22 The final rating should be used with the understanding that 
it covers only those elements at present considered measurable and 
that the remaining elements, if any, which do not lend themselves 
to measurement are still to be evaluated on the basis of judgment. 

23 The application of the method which follows is given as illus- 
trating a method of procedure. A more satisfactory division into 
elements is quite possible. The same is true for the standards 
and rating ratios set up. These can be established best by those 
familiar with the conditions in each industry. It is the method 
only which is emphasized. It will be confined to the field of pro- 
duction, because it is difficult at this time to set up satisfactory 
standards of performance and methods of ratings in the other 
fields. Progress is being made in this direction, however, and it 
is possible that standards and methods for measuring these elements 
will be developed. The method of analyzing financial statements 
given in the pamphlet issued by the Robert Morris Associates ! 

1 “Financial Statements’? — An explanation in brief of a system for 


analysis from the standpoint of the credit grantor and the business executive. 
Issued by the Robert Morris Associates, Lansdowne, Pa. 
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is a step in this direction. The general financial statement is ana- 
lyzed into eight ratios. These are weighted in accordance with 
the conditions of that industry, and brought together into a single 
rating based on unity. This approaches very closely the procedure 
set forth in this paper. 

24 Division into Elements. For our present purposes production 
will be divided into the following elements: 

a Purchasing 

Stores Inventory 
Efficiency of Plant, Equipment, and Methods 
Efficiency with Respect to Materials Used 
Efficiency with Respect to Payroll 
Idleness of Equipment 
Quality of Output 
Keeping of Promises 
Labor Turnover 
j Cost Accounting and Records. 


With each of these elements we will consider first the ideal per- 
formance in respect to this element; second, a practical standard 
for it, if one is possible; third, a rating ratio for measuring the 
performance against this standard. 


er WMOHMHMTO ASO & 


PURCHASING 
25 Ideal. 


a ‘The securing of the right amount of material, of the right 
kind and quality 

b At the lowest prices available, and 

c Having this material on hand when it is wanted, where it 
is wanted, and in the condition wanted. 


26 Practical Standard. The “‘right amount”’ is the least which 
will provide an uninterrupted supply for production and will 
maintain the minimum stores required for safe operation. If the 
proper minimum of the stores of the right kind and in the right 
condition is maintained at all times, there should be no interrup- 
tions of production from failure of raw-material supply. Items 
(a) and (c) above will be cared for under the element of Stores 
Inventory. 

27 The “lowest prices available,” item (b), are not readily ascer- 
tainable, and with long-time purchases are complicated by the cost 
of carrying charges. Current market prices are, however, usually 
obtainable and may be used in setting up a practicable working 
standard. Furthermore, in most manufacturing industries the 
bulk of the value of the total purchases is concentrated in a few 
basic raw materials. 

28 If we could set up a ratio between the actual cost of these few 
basic materials used each day and their cost if bought ‘‘over the 
counter” at the market price that morning, we would have a fairly 
good measure of the purchasing efficiency for these materials. If 
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the actual purchase cost were less than the current market, it would, 
when divided into the market cost, show a purchasing efficiency 
above par. If it were the same, the purchasing efficiency would 
be at par. If the purchase cost is greater, the ratio will be less than 
unity and the purchasing is below par. If this ratio is found to 
be favorable for the basic materials, the multitudinous minor 
supplies which make up the relatively small balance may be 
disregarded. 

29 Rating Ratio. It would be impractical to make this com- 
parison on a daily basis, and comparison with the monthly average 
market prices would, in most cases, be sufficient. A practical 
rating for the purchasing function therefore may be expressed as 


follows: 
R fe _Mi+M.4+ Ms, ete. 
ee an ae Cy + Cz bt Cs, etc. 


where 


M,, M,, ete., are the products of the monthly consumption 
of a selected basic material multiplied by the average market 
price for that material during that month, and 

C1, C2, etc., are the actual costs of these materials as purchased. 


30 As pointed out above, if the materials have been purchased 
at low prices the values in the denominator will be less than the 
corresponding ones in the numerator. If desired, the ratio for 
each material may be taken separately, these added, and the sum 
divided by the number of materials to bring the result to a unit 
basis. Where the material has been carried a long time, interest 
and carrying charges may be added to the purchase cost, if that 
refinement is deemed necessary. Both numerator and denominator 
are in dollars and the quotient is a ratio for that month which may 
be less than, equal to, or greater than unity, according as the given 
materials have been bought above, at, or below the average market 
prices for that month. 

31 The rating of the purchasing element may be based on the 
running average of the ratios for the past twelve months instead of 
a single monthly ratio. Such an average would be fairer than a 
single ratio, as it will show how well the purchasing department is 
anticipating prices. 


Stores INVENTORY 


32 Ideal. The maintenance at all times of the lowest amount 
consistent with having all the material ready for process, when, 
where, and in the condition needed. 

33 Practical Standard. For simplification, instead of consider- 
ing all the stores, the same basic raw materials may be used for 
this element as in the case of purchasing. 
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34 Set up for each basic material the minimum safe time which 
should be allowed to order and obtain that material, with due 
consideration to distance, reliability of source, contingencies, etc., 
in accordance with the present well-established practice. These 
times may, and probably will be, different for each material, and 
may vary with market conditions. 

35 If three months, for instance, was the safe time allowance on, 
say, January 1 for obtaining one of these materials, then the sum 
of the consumptions during January, February, and March is the 
amount of stores which should have been on hand at that date. 
This can be used as a standard, and can be divided into the actual 
stores of the material on hand at that time. This will give a 
ratio which will be less than, equal to, or greater than unity accord- 
ing as the stores actually on hand were less than, equal to, or more 
than the safe amount needed. A similar ratio may be set up for 
each of the basic materials. A moving average for, say, one year 
of the deviation of the percentages from unity for each material, 
disregarding the sign, that is, whether the deviation of the per- 
centages is above or below unity,! will indicate how close the 
stores inventory on that material had been kept to the desirable 
minimum. 

36 To obtain the ratio for the stores inventory as it stands at the 
present time it is necessary to use the estimated requirements, 
through the production or sales schedules, as this is the best infor- 
mation we have. 

37 Rating Ratio. The rating ratio can be obtained from the 
average-of the moving averages for the various materials, again 
disregarding the sign, i.e., whether the deviation is above or below 
unity. This average deviation should always be deducted from unity 
to obtain the rating. 

38 Unity in this rating would indicate that the management 
had uniformly maintained the stores inventories of its basic mate- 
rials at the minimum which had been established as good practice 
and under the conditions of operation. Ratings less than unity 
would indicate how far the inventory had been departing from this 
standard. Examination of the monthly figures would show when, 
in which materials, and in which directions the deviations had 
oceurred, 

39 For the detail planning and follow-up of the material stores 
we have in the Gantt layout and progress charts a useful and 
tried-out method which in itself is an excellent measure of the per- 
formance of this function. It does not, however, head up into 
a single rating as the method suggested does, but can readily be 
used in connection with it. 


1 If the signs of the deviation are not disregarded, plus and minus de- 
viations would offset each other and tend to show conformity to the required 
quantities when such conformity did not exist. If the deviations are 
averaged arithmetically without regard to whether they are above or below, 
we will get a true measure of the conformity. 
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EFFECTIVENESS OF PRODUCTION 


40 Ideal. The production of the greatest value of salable out- 
put with the least expenditure for plant, materials, and labor.1 This 
has three aspects: production efficiency with respect to 


a Plant, equipment, and methods 
b Materials 
c Labor employed. 


41 A management may be making poor use of a good plant and 
equipment, or the best possible use of a poor equipment. It is 
desirable, therefore, to measure these phases separately. This 
can be done roughly by dividing the product sold per annum in 
case (a) by the plant investment, in case (b) by the materials 
purchased annually, and in case (c) by the total annual payroll. 
The products sold is in general a better value to use than the value 
of the goods produced, because it represents goods which actually 
contributed to the income. In certain businesses, such as heavy 
machinery or shipbuilding, however, the goods produced, including 
even those only partly finished, may be the better value to use. 

42 Practical Standard. These ratios will of course vary with 
different industries, and it is necessary to compare them with some 
standard before we can know whether they are high or low. The 
most practical standard seems to be the similar ratio for the in- 
dustry as a whole. Various Government reports such as the 1919 
Census of Manufactures and the Statistical Abstract of the U.S. 
give the capital invested, value of the products, value of the mate- 
rials used, and total payroll for many industries.2. There are other 
sources also, such as trade associations, so that in most cases the 
information necessary for the comparison is available. 

43 Rating Ratios. If the ratios for the industry are available the 
rating for efficiency with respect to plant, equipment, and methods 
would be 


Annual sales in dollars. Total annual output of the industry 
Plant investment in dollars © Total investment in the industry 


The result will be above, equal to, or less than unity according as 

the ratio for the firm in question is better, equal to, or worse than 

the average of its competitors. In times of extreme depression 

it may be fairer to divide this ratio by the idleness ratio (Par. 49). 
44 The rating with respect to materials would be 


Total annual output 
Annual sales in dollars of the industry 


Total annual purchase of materials — Value of raw materials used. 
in industry per annum 


1 With respect to labor this should be construed as the least expenditure 
consistent with sound social conditions, to exclude child labor, etc. 

2 Appendix No. 1 gives these data for certain selected industries. The 
Statistical Abstract of the U.S. gives them for more than 300 industries, in 
addition to those listed in the appendix. 
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Similarly, the rating with respect to use of labor would be 


Total annual output 
Annual sales in dollars ; of the industry 


Total annual payroll in dollars © Total annual payroll 
of the industry 


These ratios may be above unity and will show ratings on the basis 
of the average for that industry or the average of the competition 
which the firm has to meet. 

45 The material turnover would also be a useful element to 
measure, but no standards or methods of rating seem to be avail- 
able. If these could be satisfactorily set up it would be desirable 
to include it. 


IDLENESS OF EQUIPMENT 


46 The degree of approach of the actual output to the full 
capacity of the plant is a significant means for measuring manage- 
ment. In reality it is included in the plant-efficiency ratio above, 
but it shows directly what use is being made of the equipment and 
is so easily obtained and is so useful that it is well to set it up sepa- 
rately. Mr. Gantt told the author that he used it continually in 
diagnosing the situation in a plant. 

47 Ideal. The ideal would of course be to have all the equip- 
ment at work at full capacity all the time. Of course, also, this 
is impossible. 

48 Standard. The same, i.e., 100 per cent or the full capacity 
of the plant. 

49 Rating Ratio. This would be 


Actual production machine hours 
Machine hours’ capacity of the plant 


For each industry the ratio would have a characteristic maximum, 
always less than unity. 
QUALITY 

50 Ideal. That all goods produced pass all inspections, both 
producer’s and customer’s. 

51 Standard. The same, i.e., 100 per cent of the goods pro- 
duced. 

52 Rating Ratio. This would be 

Goods produced which pass all inspections 
Total goods produced 


This rating will presumably always be less than unity, and it may 
be in certain cases, as in some garment industries, that a moderate 
proportion of ‘‘seconds”’ is preferable to the expense of trying for 
perfection. 
. PROMISES 
53 Ideal. All promises kept. 
54 Standard. The same. 
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55 Rating Ratio. 
Number of promises kept. 


ei alia Number of prormises made 


This rating also will, in general, be less than unity. 


Lasor TURNOVER 


56 Ideal. That turnover, only, which is due to inevitable 
causes, such as death, superannuation, marriage; seldom, if ever, 
attainable. 

57 Standard. The turnover prevailing in that trade and local- 
ity, so far as these can be determined. 

58 Rating Ratio. 

Turnover of plant under consideration 


wee 23u0 9 Turnover of that trade and locality 


Cost AccoUNTING AND RECORDS 


59 Ideal. The gathering and maintaining of information on all 
costs which shall be 


a Accurate 

b Prompt 

c Useful, and used 

d_ Tied in with the production and financial accounts 


60 This element is vital in modern management. The author 
has been unable to discover a standard or means of measuring per- 
formance in it which would be satisfactory or generally applicable. 
The best way would be to recognize this frankly; to set up an 
ideal and rate the performance of the management in this element 
on the basis of judgment of men properly qualified to pass on it. 


Tue FiInaL RatiInG 


61 The element ratings may be brought together into a final 
rating as follows: 


(1) (2) (3) (4) 

Individual Percentage Weighted 

rating of weight of rating of 

Element element element in element 

total rating (col. 2 X 

2 col. 3) 
Gs ‘mPVUTRCH Bai igs ste, ota ca CRED cat cath Ole oa ct au aera i na ae I ees ea 
b* BStoresilmventoryuer scam eee ee CRT Re Tae ee eee 
c Efficiency of Plant, Equipment, and 
Methods, Buri sny concise ueen orc hlae nate aS Ai ee Ce et Eee eee 
d Efficiency with Respect to Materials 
Used S24 2 esther tiene Aes ae wae ak wae Ue RRR eee: ree eee cr cece ee 
ew Efficiency withtRespectito Payroll? pps See ater ee ee 
f+ idleness of Haw pment... 2022 ok torent ote een a ee eee 
@: sQuality OL Outputios cco utyeg seis ORE bn tro ake om ee ae 
A Keeping of Promises. cc screen Oper ree ee ee ee eae 
#.. abor Turnover io ti eiic\c. atopy errs cs ak hee ere ess cae ecco 
jie Cost, Accountingevand: Records..,.ca tan aheeteriin coer luc caer eens ne oem re 
(on basis of judgment) 
100 % 


minalbRating. seen tone eee 
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62 The separate elements and their ratings as obtained above 
may be listed as in columns 1 and 2. Percentage weights for each 
element, suitable for that industry, are set up in column 3; and the 
weighted value for each element (column 2 X column 3) is ex- 
tended in column 4. The final or combined rating will be the 
sum of the items in column 4. Values above unity in the element 
ratings for a, c, d, e, and 7 would indicate that the quality of the 
management, in these elements, was better than the average of 
the industry; values below, that it was poorer. 

63 The ratings in column 2 are founded on ascertainable facts 
and are largely free from opinion or judgment. The weights in 
column 3 assigned to the various elements, however, must involve © 
judgment, which will of course affect the weighted ratings in column 
4. If this is objected to, the use of the method can stop with column 
2. A periodic comparison of the variations in the element ratings 
in that column will, alone, have value in guiding management 
policies. If our purpose is to measure the management as a whole 
we must recognize that the elements will have different relative 
importance in different industries, and they must be weighted to 
reflect the conditions for each industry. After all, as we have said, 
extreme accuracy is not required. If some weighting can be agreed 
upon for the industry in question, and all concerned will use that 
weighting, then column 4 and the Final Rating will have value as a 
basis for comparison. 


Urtiuity oF THE ABovE METHOD 


64 The method outlined furnishes a basis for comparing mana- 
gerial performance in different plants of the same or allied indus- 
tries, but more particularly it offers a means of following variations 
in the management of a single plant. 

65 The element ratings and the final rating may or may not 
have considerable significance where applied once to a specific 
business, as of a certain date. If, however, the method be used 
repeatedly, in the same way, each successive set of ratings will 
become more trustworthy and useful because we have set up a 
uniform and orderly basis of comparison for the measurable elements 
of the executive function. 
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APPENDIX NO. 2 
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PRINCIPLES OF LONG-DISTANCE 
AIR NAVIGATION 


By Rosert W. WILison,! Campripar. Mass. 
and 
Mayo D. Hersey,? Prrrspuracu, Pa. 


Members of the Society 


This paper contains a general account of the scientific principles of 
long-distance air navigation, including dead reckoning, astronomical 
observations, and radio methods. It has been prepared at the invitation 
of the Aeronautic Division and is addressed to those who may be interested 
in a broad way in the problems and possibilities of commercial aeronautics. 
Hence it has not been thought necessary to enter into detail except where 
the methods presented are believed to be new. As a guide to those who will 
wish to pursue the subject farther, the paper concludes with a fairly com- 
plete outline of the most recent sources of technical information. 


I—INTRODUCTION 


pptHis PAPER deals with the general principles of long-distance 

air navigation, including instruments and methods required 
for determining the position of an aircraft when the ground is 
not visible. It has been prepared as one of a group of papers 
treating different phases of commercial aeronautics, and is intended 
for the general reader rather than for those professionally engaged 
in the solution of navigation problems. 

2 Following a general survey of the problems and difficulties by 
which air navigation is differentiated from marine navigation, a 
more detailed account is given of the three fundamental systems of 
navigation: dead reckoning, astronomical navigation, and radio 
navigation. In this connection (Sections IV, V, and VI, respec- 
tively) reference is made to the various methods and instruments 


1 Professor of Astronomy, Emeritus, Harvard University. Deceased 


Nov. 1, 1922. 
2 Physicist, Bureau of Mines; formerly, Associate Professor, Mass. Inst. 


of Technology. Mem. A.S.M.E. 


Contributed by Aeronautic Division and presented at the Annual 
Meeting, New York, December 4 to 7, 1922, of Tom AMERICAN SOCIETY OF 
MecHANICAL ENGINEERS. 
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in recognized use, and in several instances new methods are pro- 
posed. 

3 Various expedients for safety and efficiency are summarized in 
Section VII, and the troublesome problems of cloud flying and 
fog landing are here briefly discussed. 

4 Recent instrument developments, as well as research problems 
awaiting future attention, are outlined in Section VIIT. Section IX 
is a résumé of the main sources of technical literature, together 
with a summary of advances actually made in air navigation during 
the past few years. 


II—GENERAL VIEW OF THE DIFFICULTIES INVOLVED 


5. Air navigation evidently differs from marine navigation in the 
following advantageous respects: (1) The craft can usually ascend 
above the clouds for the purpose of astronomical observations; 
(2) drift determinations can frequently be made by sighting di- 
rectly on the ground or water passed over, without previous data 
on wind currents; and (3) an error of, say, 20 miles (15 minutes 
flying time) in the determination of absolute position is generally 
negligible. On the other hand, air navigation has the following 
characteristic disadvantages: (1) The impossibility of the craft 
standing still for any purpose; (2) a much greater velocity of drift; 
(3) the impracticability of charting the atmospheric currents with 
precision; (4) the difficulty of holding the ship steady for astronomi- 
cal or other observations; (5) the complete absence, at times, of 
any reliable natural horizon; (6) the complexity of dealing with 
three dimensions instead of two; (7) the necessity for correlated 
observations to be taken practically simultaneously; and (8) the 
importance of carrying through computations of position with 
great despatch, in order that course corrections can be executed 
before losing ground. 

6 ‘These disadvantages of air navigation, compared to marine 
navigation, so far outweigh its advantages that the problem of air 
navigation is a difficult one. It may be considered solved at the 
present date in nearly every respect; but to accomplish this, all 
resources of meteorological knowledge, good piloting, scientific- 
instrument development, skillful observation, and short-cut com- 
putation methods are required, and there will still be room for 
improvement through future research. The only respect in which 
air-navigation difficulties have not been surmounted appears to be 
the case of forced landing in fog when flying over unfamiliar terri- 
tory, which will be considered in Section VII. 


IYI—FUNDAMENTAL METHODS OF AIR NAVIGATION 


7 Dead reckoning consists in calculating the true course, distance, 
and final position of the aircraft solely from observations of speed 
or distance relative to the air, together with a knowledge of the ship’s 
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compass heading from time to time, and data concerning the 
wind velocity. 

8 Astronomical navigation involves the determination of position 
without reference to the foregoing data, purely in terms of as- 
tronomical observations and the time by chronometer. Such 
observations require the simultaneous determination of the altitudes 
of two celestial bodies, or the altitude of one such body and its 
azimuth. 

9 Radio navigation is the determination of position by any com- 
bination of wireless signals, with or without the use of a compass. 
This may be done either by the use of a wireless direction finder 
installed on the craft, signals being received from fixed stations of 
known location; or simply by sending out a call from the ship, 
requesting fixed stations which are suitably equipped to com- 
pute the position of the ship from their own observations and to 
report it back by wireless message. 

10 It is not necessary to adhere exclusively to any one of these 
three systems, therefore seven different combinations are possible, as 
well as numerous variations of procedure or equipment when 
applying any one of the fundamental methods. By no means have 
all the combinations possible been tested in practice as yet, or 
even theoretically analyzed. 

11 Besides the three methods mentioned, two others are also 
possible, though of less interest for the present discussion; flying by 
map over visible ground is one such method, and at the other ex- 
treme, absolute position finding by gyroscopic methods. 

12 There is a definite technique and art of map flying, involving 
the use of special aeronautical maps leading to ready recognition and 
identification of the territory viewed from the ship. This method 
may be facilitated by conspicuous markings on the ground below, 
as well as by convenient devices on board ship for holding and 
adjusting the maps. 

13 Neither will the problem of navigation by purely gyroscopic 
means be further considered, as it is not known that any research on 
this subject has yet reached the stage of practical application under 
aeronautical conditions. That gyroscopic apparatus may, however, 
be employed for navigation as an auxiliary in conjunction with other 
instruments, is evidenced by the popularity and success of the turn 
indicator. 

IV—DEAD RECKONING 


14 The problem of determining the path of an airplane in the air 
resembles that of determining the path of a ship on the sea, which is 
affected by the action of ocean currents. But in general the 
velocity of ocean currents is so much less than that of the ship that 
the allowance for their effect is relatively small. A steamship hav- 
ing a speed of 15 knots will rarely be for any considerable time 
subjected to a current of 2 knots, while an airplane with a speed of 
75 m.p.h. will not infrequently encounter winds of 30 m.p.h. 
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15 It is important, therefore, for the airplane to have some 
means of determining the direction and speed of its motion over the 
ground due to the resultant of its motion through the air com- 
pounded with the motion of the air over the ground. 

16 This is now usually done by finding the ‘‘drift” by observing 
the direction of the apparent motion of some easily distinguishable 
object on the ground beneath, with reference to the line of the keel 
of the airplane. Such methods require direct observation of the 
ground and will be described below. Later, a method will be 
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discussed which does not require ground observations and would 
therefore be available for dead reckoning above the clouds or in 
fog. 

ELEMENTARY PRINCIPLES 


17 While the determination of position by dead reckoning theo- 
retically requires continuous observations, it is customary to divide 
up the computation into successive intervals, during each of which 
the drift, compass course, and air speed may be considered con- 
stant. - 

18 To make the matter concrete, consider the particular case of 
an airplane starting out to fly from Langley Field to Boston (Fig. 1). 
Suppose the air speed is A = 75 m.p.h. and that the wind is blowing’ 
from the west with a speed W = 30 m.p.h. at the height of the air- + 
plane. . 
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19 Examination of the map (Fig. 1) shows that the true course 
to be flown is approximately north 39 deg. east. Let it be re- 
quired to determine the proper compass course for the pilot to steer. 

20 In Fig. 2, the wind vector W is laid off from the origin O 
toward the east with magnitude 30 m.p.h., while a line drawn 
through the origin at the angle g = 39 deg. from the north repre- 
sents the true course to be flown. Where shall the vector A, 
representing the air speed and therefore the direction of the axis 
or keel of the ship, be placed so that the resultant of A and W 
shall lie in the desired direction g? 

21 A simple construction to locate A, having given the mag- 


Fig. 2 Trur Course, Compass Course, 
AND WIND DIRECTION 


nitudes of A and W and the angle g, is as follows: Reverse the vector 
W (line 1 on the diagram, Fig. 2); starting at the end of this line, 
draw another (line 2) of indefinite length parallel to G. Then 
with O as center, and radius A, draw a circular arc 3; the intersection 
of this are with line 2 is the required location for the extremity of 
the air-speed vector A. 

22 The pilot should now set the keel of the ship along the line 
A, and the compass course to be steered is shown on the diagram 
by the angle a. The magnitude of a, as well as ground speed G, 
can be scaled from the diagram, or computed trigonometrically. 

23 A simpler method for determining such quantities will 
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be explained in a later paragraph in connection with the use of the 
graphic traverse table (Fig. 9). The solution is found to be ap- 
proximately a = 21 deg. east of north, while the drift angle y, 
hereafter referred to, is about 18 deg. 

24 The essential data of Fig. 2 are reproduced in Fig. 3 in order 
to call attention to the relative wind angle z, drift angle y, and the 
keel speed K—quantities to be made use of later. The angle z is 
measured from the keel direction to the wind direction, while the 
drift angle is that subtended between the axis, or keel, of the ship 


/ 
4 


Fig. 3 Kereu Spenp, Drirr ANGLE, AND RELATIVE 
WIND ANGLE 


and her true course. The keel speed is the component of the 
ground speed in the direction of the keel. 

25 The foregoing principles relate to the conditions of the flight 
at any one instant, and enable us to predict the position of the ship at 
some later time by very simple calculations, provided all quantities 
remain constant. 


INSTRUMENTS IN PRAcTICAL Usp 


26 Instruments for dead reckoning may be considered in two 
groups, namely, observing and computing instruments. 

27 Observing Instruments. The actual observing instruments 
for dead reckoning are the compass, air-speed indicator, and stop 
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watch, together with various types of drift indicators, horizontal 
sights, and ground-speed indicators. Only the last three classes 
need be described here. 

28 Simple Drift Indicators. Among the vertical sighting in- 
struments for drift-angle observation may be mentioned the Sperry 
synchronized drift set, Webster drift sight, kinematic drift indi- 
cator (S.T.Aé.), Universal sight of the Compagnie Aérienne Fran- 
gaise, and Pfadfinder drift compass. 

29 The well-known Sperry drift set! consists of an observing tele- 
scope with cross-wires that can be set parallel with the “stream 
lines” caused by the apparent motion of the ground or water below. 
The drift angle may be read directly from a graduated circle. In 
the synchronized drift set the telescope control is connected with a 
compass by flexible wires so as to shift the lubber’s line and enable 
the pilot to correct his course. 

30 The S.T.Aé.? and Pfadfinder® sights are somewhat similar to 
the Sperry. 

31 The D. L. Webster drift indicator is a simple wire fan or set 
of wires spaced 10 deg. apart and radiating from a point on the side 
of the fuselage at the rear edge of the lower wing, through which 
the apparent motion of objects below may be viewed. 

32 The Compagnie Francaise sight‘ is an optical one installed in 
the floor of the cockpit, which offers an exceptionally wide field of 
view. 

33 Horizontal Sights. Alidade or azimuth sights may be em- 
ployed on aircraft with or without the compass. In the latter case 
they may be used for position finding by sighting on known objects, 
or for determining the drift angle by sighting ahead on some object 
which appears to maintain a constant azimuth. 

34 Horizontal sights when attached concentrically to a magnetic 
compass serve in a similar way to indicate the true course of the 
ship. Among such instruments may be mentioned the Duval, 
Dunoyer, Bamberg, and Ludolph. 

35 The Dunoyer sight® brings an image of the compass card into 
the line of vision by means of a prism. The Duval® instrument al- 
lows a graphical record of successive observations to be made. The 
Bamberg and Ludolph sights’ differ only in mechanical details. 

36 Ground-Speed Indicators. Possibly the earliest ground-speed 
indicator other than a simple bomb sight was the Sperry strobo- 
scopic device.’ Rotating telescopes serve to maintain the image 
of the ground in a position momentarily stationary so that a 


1. A. Sperry, Trans. Soc. Auto. Engrs., vol. 1, pp. 158-161, 1917. 

2 A. B. Duval and L. Hébrard, Traité Pratique de Navig. Aérienne, pp. 
42-43, 1922. 

3R. Bennewitz, Flugzeuginstrumente, p. 188, 1922. 

4 Premier Cong. Int. dela Navig. Aérienne, Rapports, 3, p. 507, 1922. 

5 Duval and Hébrard, p. 45. 

6 Duval and Hébrard, p. 46. 

7 Bennewitz, pp. 192-193. 

8 Sperry, pp. 155-162. 
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knowledge of altitude and rate of rotation serves to fix the ground 
speed. 

P37 The Aero bearing plate! is a simple mechanical sight with 
graduated circle, showing the drift angle by vertical observations 
and ground speed by reference to stop watch and altimeter. 

38 The Wimperis wind-gage bearing plate? is employed for ob- 
servations off the tail of the ship. This instrument is a further de- 
velopment of the bearing plate mentioned above, such that wind 
speed as well as ground speed may be determined in magnitude and 
direction. These results may be secured while flying on a constant 
course by means of a stop watch; or by flying on two or more differ- 
ent courses, without a watch. 

39 The Wimperis course-setting sight? is employed for sights 
taken ahead of the ship. It is a highly developed mechanical in- 
strument of which a magnetic compass may or may not form an in- 
tegral part. By flying on two different courses (up-wind and across- 
wind) the ground velocity and wind velocity can both be determined 
in magnitude and direction and read directly from the instrument, 
together with other information useful to the pilot. No stop watch 
is required. 

40 The Crocco drift and ground-speed indicator‘ in conjunction 
with a. stop watch serves to determine all the elements of the flight in 
a convenient automatic manner and is particularly adapted for 
dirigibles. It is mounted aft so that observations can be taken 
astern. 

41 A simplified modification of the Crocco type has been de- 
veloped by the Pioneer Instrument Company.°® 

42 Another calculating device mechanically connected to the ob- 
serving element is the Maffert course corrector. In place of the 
usual stop watch, a chronograph is employed, and the various 
elements of the flight can be read off directly. 

43 A convenient mechanical device for determining drift, 
ground speed, and wind vector from observations on two courses 
was developed by Couthino and Saccadura,’ whose names will be 
recognized in connection with their successful flight from Portugal 
to Brazil. The drift observations are taken on either side of the 
ship by reference to a system of lines drawn on the front edge of 
each wing and radiating from two points well forward on the fusel- 
age. 

44 The Cayére-Montagne® drift sight is of light construction and 
serves both for observing the drift angle and solving the velocity 
triangle. 

_ 1H. E. Wimperis, Air Navigation, pp. 48-50, 1920. 

2 Wimperis, pp. 53-55. 

3 Wimperis, pp. 55-58. 

4H. N. Eaton, N.A.C.A. Rep. No. 131, pp. 17-19. 

5 Raton, p. 19. 

6 Prem. Cong. Int., vol. 2, pp. 73-78. 


7 Prem. Cong. Int., vol. 2, pp. 112-114. 
8 Duval and Hébrard, p. 44. 
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45 In the Le Prieur navigraph,! drift observations are taken 
through a vertical telescope from time to time and plotted auto- 
matically on a sheet of paper by a pencil connected to the telescope. 
In this way irregularities due to unsteadiness of the craft are 
averaged out. By flying on two courses, the wind vector and ground 
speed can be determined and the course correction found, and this 
correction is transmitted to a repeating dial in the pilot’s cockpit 
somewhat after the fashion of the Sperry drift set. 

46 Computing Devices. Computers for dead reckoning include 
map protractors and velocity-triangle computers. 

47 Map Protractors. Protractor developments for use on the 
chart board are well represented by the Bigsworth, Christmas, 
and Wichmann types. 

48 The Bigsworth protractor,? by means of its parallel motion, 
permits plotting a given compass course at any point on the map. 

49 The Christmas? drift indicator solves the velocity triangle by 
reference to actual ground observations suitably registered on the 
map. 

50 Wichmann’s course indicator‘ is an arrangement for drawing 
the velocity triangle on a celluloid coérdinate field superposed on the 
map. 

51 Velocity-Triangle Computers. The Campbell-Harrison and 
the Appleyard® course and distance calculators are typical instru- 
ments for solving the velocity triangle, i.e., for determining the 
unknown elements of Fig. 2. In the Appleyard form, time and 
distance can also be read off. 

52 Similar results are obtained from a different mechanical 
movement in the Angus® compass course indicator. 

53 German instruments of light construction are represented 
by the Pilehn and the Goerz’ wind triangles, while Bennewitz® 
invented a device for this purpose to be mounted directly over the 
compass cayd. 

54 Further applications of the velocity-triangle principle are 
found in the Leroy disk, the Bellieni computer, and the Dunoyer 
course indicator.? In the Dunoyer instrument the different speed 
vectors are represented by elastic threads of variable elongation, 
each of which is subdivided into numerous intervals to facilitate 
determination of times and distances. 

55 While the foregoing list of more than thirty different in- 
struments may seem bewildering, it is clear that not all the com- 
binations of observation and computation which are possible for 


1 Baton, pp. 19-21. 

2 Wimperis, pp. 61-64. 

3 Haton, p. 17. 

4 Bennewitz, p. 185. 

5 Haton, pp. 21-22. 

6 Maton, pp. 14-15. 

7 Bennewitz, pp. 184-186. 

8 Bennewitz, pp. 187-188. 

9 Duval and Hébrard, pp. 40-42. 
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dead reckoning have yet been tried. For example, none of them 
utilizes the possibility of determining ground speed and true course 
solely from observations of air speed, drift, and compass bearing 
while flying on a straight course. This method offers favorable 
conditions for compass accuracy and eliminates the use of a time 
piece. All that is required, beyond a knowledge of the compass 
course, are two successive readings of the drift angle corresponding 
to two different air speeds; the computations being analogous to 
those in the case of a ship flying at constant air speed on two 
different compass courses. 


A New DEVICE FoR GROUND-SPEED OBSERVATIONS 
56 Fig. 4 shows a simple device for drift observations ‘‘off the 


Horizon 


_a4&--First Position 
x of Object 


: ; hay artes 


fs \ 
ee — Second Position 
of Same Object: 


Fig. 4 CErLuuLorp SIGHT FOR ANGLES OFF THE Bow 


bow.” It consists of a wooden box (shown with the top removed 
in Fig. 4) having a vertical cylindrical surface of celluloid with a 
radius of curvature of 5in. ‘This is graduated with a scale of tan- 
gents up and down, and serves to determine the bearing or azimuth 
of any point off the bow, and its depression below the horizontal. 
The box is mounted in front and to the right of the observer, so that 
he can sight through the hole shown in the left-hand side. It 
should be kept reasonably level during observations, which are 


1 Designed and constructed by R. W. Willson, 1917, together with the 
computing rule, Fig. 5. 
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taken by noticing both codrdinates of any object in the field of view, 
at the beginning and end of a certain time interval. 

57 The required time interval in seconds is equal to the height of 
the aircraft in hundreds of feet, measured above the level of the 
object sighted upon. 

58 From these four observations the ground speed and drift can 
be determined mechanically by the computing rule shown in Fig. 5. 
This comprises five movable parts—A, B, C, D, and E—whichin 
the photograph are set at the points 1, 2, 3, and 4 in accordance 
with the following data: Initial and final azimuth readings, 20° and 
47°; first and second depressions, 25° and 35°, respectively (cf. 
Fig. 4). The ground speed can now be read off directly on the 
speed arm EF at point 4, and equals 73 m.p.h. The drift is found 
by subtracting the initial azimuth from the drift-circle reading at 
point 5, so that in this example it is equal to 53—20° or 33°. 


Derap REcKONING ABOVE THE CLOUDS 


59 Sometimes, as when flying in fog or at night, none of the 
foregoing methods which require ground observations is applicable, 
and it is here proposed to develop a method of navigation applicable 
to such conditions, which depends upon the possibility of devising an 
instrument which will completely determine the component of the 
horizontal velocity parallel to the keel, of the actual motion of the 
aircraft over the ground, without observation of any object outside 
of the ship itself. Such an instrument was referred to in a previous 
paper, but as there described it would require almost perfect 
stabilization and if fixed fore and aft would give only the keel 
speed, not the ground speed. The difficulties of securing the 
necessary stabilization are well known. Simple calculations 
show that a departure of 6 degrees from horizontal, continuing 
for t seconds, will cause a cumulative error of 0.38 @¢ m.p.h. in 
the ground-speed reading, which amounts to about 23 m.p.h. 
for each degree of deviation per minute. The proposed method 
tends to eliminate this source of error by utilizing only the differ- 
ence between two successive readings of the keel-speed indicator 
or by permitting its readjustment in flight by comparison with an 
air-speed indicator. 

60 The assumption will now be made that the motion of the air- 
plane can be kept nearly uniform and straight for about a minute at 
a time and that the average speed and direction of the wind will be 
nearly constant for about the same interval. For the kind of flight 
here contemplated, these conditions may usually be fulfilled by care- 
ful piloting at a sufficient altitude to be above the unsteady con- 
ditions of the lower strata of the atmosphere, flying above the 
clouds, rather than at a lower altitude where the surface of the earth 
is visible. 

61 First Method. It is obvious that if it is possible to determine 


1 Trans. A.S.M.E., vol. 42 (1920), pp. 81-118. 
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at any time the component of the ground speed parallel to the keel, 
hereafter called K, and the speed through the air A by the instru- 
ments used for that purpose, the speed and the direction of the wind 
may be found by turning through a circle of sufficient radius with 
uniform banking, and noting the difference of the values of K and A 
when the keel is pointed in different noted directions by compass.’ 

62 At two points of the circle, Fig. 6, where K and A are equal, 
the airplane is moving at right angles to the wind and at two points 
about 90 deg. removed from these points the velocity Gis a maximum 
and minimum, respectively. From these observations, the direction 
of the wind (assumed ‘to be steady) may be approximately deter- 


N 


A AIRSPEED 75 MPH. 
28/ GROUND SPEED 85 MPH. 


& WIND BLOWS FROM W.23°N. WITH 
gs A SPEED OF 22 MPH. 
S/ MAXIMUM GROUND SPEED 97 
Gy MINIMUM GROUND SPEED 53 
y SPEED OF WIND= = (97-53)=22M. PH. 


WIND BLOWS FROM W.23°N. 
5 


Fie. 6 Drap REcKONING BY DIFFERENTIAL GROUND-SPEED READINGS 


mined, while the difference between the maximum and minimum 
values of K is evidently twice the velocity of the wind. 

63 Second Method. There are, however, some evident objec- 
tions to this method which do not apply with equal force to the one 
now to be described, which consists in determining the direction and 
speed of the wind according to the following directions, in which the 
term “‘compass course” is used to signify the reading of the lubber’s 


1 From the known course and speed through the air, compounded with the 
velocity and direction of the wind, the true course and speed over the 
ground may be found by the traverse table (Fig. 9). 
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line of the compass; which increases from 0 deg. to 360 deg. as the 
nose of the airplane points from N. to E., S., W., ete. 

a Note the compass course a, air speed A, and ground speed K 
parallel to the keel. : 

6 Shift the course slowly to the right until the compass course 
is 30 deg. greater, and when moving steadily on this course with an 
air velocity A read the value of K. Call this value R. 

c Shift the course to the left until the compass course is 30 deg. 
less than original course and read the value of K. Call this value L. 


N 


Q=COMPASS COURSE READING OF 
LUBBERS ‘LINE 0°T0 360°N.E.S.W. 

A= SPEED THROUGH THE AIR 

w=COURSE OF THE WIND 


W=SPEED OF THE WIND 


Q-TRUE COURSE OVER THE GROUND 

G=TRUE SPEED OVER THE GROUND 

ER=COMPONENT OF GROUND SPEED 
PARALLEL 70 KEEL. 


Fig. 7 THrory or Deap RECKONING BY THE SECOND 
Meruop PRoposED 


d Shift back to the original course a, and read K and A, which 
should be nearly the same as at the beginning. 

e With the arguments L — R and K — A enter Table 1 and take 
out the values of W and x. W is the speed of the wind in miles per 
hour and w = a + zx is its course, i.e., the direction toward which 
it is moving. 

f Enter the traverse table (Fig. 9) with a and A as course an 
distance and find the corresponding values of difference of latitudes 
and departure. Find in the same manner the Lat. and Dep. 
corresponding to w and W. Add these Lats. and Deps. and with 
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the two sums as Lat. and Dep. enter the traverse table and take 
out the true course and speed of the airplane. 


The theory of the method is as follows, referring to Fig. 7 and using the 
notation already explained; i.e., let 
K = component of the ground speed parallel to the keel 


a = compass course 
A = air speed 
w = course of the wind 


W = speed of the wind 
g = true course of the airplane over the ground 
G = true speed over the ground. 
To find w and W: 

Starting from Po the velocity A would carry the airplane to P; in the 
unit of time. The force of the wind would take it from P: to P: in the unit 
of time. 

The resultant of the two velocities would take it from Po to P2 in the unit 
of time; Po P2 is the true ground speed. 

The projection of PoP: on the line of the keel is Po P3 and is the component 
of the true ground speed parallel to the keel, which is equal to K. 

In the triangle PiP2P3 

PiP2 = W, PiP; = K — A, and PoPiP; = w-—a 
whence the fundamental equation 
W = (K—A) sec (w—a) 
or, writing « = w—a, 
W = (K-—A) sec x 

If the compass course is changed to the right by an angle of k deg. the 
value of K will be changed to R and the course to (a + &), giving the equa- 
tion 

W= (R— A) sec (x + k) 

If the course is changed to the left by an angle of k deg. the ground-speed 

reading changes to L and the equation becomes 
W = (L—A) sec (x—k) 
These three equations may be written 


W cos x TRA OE lap ies pvc a  ES RS {1] 
W. (cosa cosh isin: Sisin Wee AS 2s Rereece ee ere oe ene [2] 
W (cos x cos k + sin z sin k) 


(R—A)/UK — A) [2 lester. 3 cr: [4] 


cos k — tan x sink 


Hdd 
b 
| 
p 
& 


cos k + tan x sin k (L—A)/(K — A) (3) sills es [5] 
2tanzsink = (L—R)/(K — A) = [5] + [4]......... [6] 
L—R 1 
ae K—A 2sink 
and if k is 30 deg. the formula becomes 
L-—R 
tan © = Ry bce eee eee eee (I] 


which determines x and therefore the course of the wind since 
w=a++sz 
and the fundamental equation 
WW. Ct) sent epioctaictonar sete eae (IT) 
determines the speed of the wind when x has been determined by [I]. 


64 The practical application of the method is rendered very 
simple and expeditious by the use of a table of double entry giving 
the values of « and W with (L — R) as the vertical and (K — A) 
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as the horizontal argument. Such an arrangement is given in 
skeleton form in Table 1. 

65 It is evident that the change of course need not be restricted 
to 30 deg. right and left, and the same wind table may be used with 
any other value of & if the value (L — R)/(2 sin k) is used instead 
of L — & as the vertical argument. 

66 If, for instance, k = 45 deg. the argument would be very 


N 


<n: 


--—Coyrse 82 


FOG BANK ENTERED AT FP, G DECREASES TO 52 
ORIG/NAL COURSE N52°E G=A=75M.PH. 
COURSE CHANGED TO 82° 6=50M. 

ke dg 722° C=74'i1. 
ORIGINAL COURSE RESUMED 6-59 
TRUE COURSE AND DISTANCE 29°AND 64M. 
WIND BLOWS TOWARD 289°, 30 M.FH. 


S 


Fig. 8 Dara ror InutustrRaTiIveE EXAMPLE DiTERMINING TRUE COURSE 
AND DISTANCE 


nearly seven-tenths of L — R, and for k = 90 deg. it would be ex- 
actly one-half of L —R. Asa rule a difference of 60-deg. between 
the two courses is sufficient for a good determination and the loss of 
distance by the evolution is very small. An airplane moving at 
150 m.p.h. and requiring two minutes for the two changes of course 
would return to her original course about two-thirds of a mile be- 
hind the place she would have reached if she had continued on the 
original course. If k were 45 deg., she would lose three and a half 
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miles and if k were 90 deg. about five miles, which is just the same loss 
as if she had turned a complete circle in two minutes and noted 
the maximum and minimum ground speeds in accordance with 
the first method suggested. That method, however, has the ad- 
vantage of not requiring any computation or any knowledge of the 
air speed. A few trials in the air would show what would be the 
practice best suited to average conditions and what modifications 
should be made in exceptional cases. 

67 To illustrate the convenience of the present method, we may 
take a concrete example which illustrates the complete solution of 
the problem of determining the direction and speed of the wind and 
the true course and distance of an airplane moving in a steady wind. 
This is a problem of the same kind as computing the dead reckon- 
ing of a ship at sea and is of primary importance in air navigation. 


Example 1. An airplane is flying from Bolling Field to Boston on a 
course N. 52° E. (Fig. 8). The drift indicator shows that the wind is 
practically nil, and the air speed is 75 m.p.h. 

A fog bank which has been noted approaching from the east now reaches 
the ship and the value of K falls to 59 m.p.h. 

The course is at once shifted to N. 82° E. and R and A are noted as 50 
and 75 m.p.h., respectively. The course is then brought to N. 22° E., and 
L and A are found to be 74 m.p.h. and 75 m.p.h. It is required to find 
the direction and speed of the wind, and the true course and speed over the 
ground made good through the fog. The form of the computation is as 
follows: 


Ch = 5970 
A = 75 m.p.h. ARGUMENTS FOR WIND TABLE 
K = 59 m.p.h. K-Az= -— 16 
18 SAD cago ne L—-R= — 25 
L = 74 m.p.h. 
From Table 1, W = 30 xn.p.h. 
oa tam 
w=a+ 2+ 180° = 289° 
From Fig. 9, Diff. Lat. Dep. 
a = 52° A= 75m.p.h +46 +59 
w = 289° W = 30m p.h. +10 —28 
Sums + 56.2 +31 


Therefore the true course = 29°; ground speed = 64 m.p.h. 


Example 2. Having ascertained on entering the cloud that the airplane 
if kept on the original course, will actually move over the ground on a 
course N. 20° E. with a velocity of 64 m.p.h., it would be desired to find 
what compass course should be steered to approach its destination as di- 
rectly as possible. 

This is the second important problem and may be stated thus: Given 
the air speed A and the course and distance of the wind, to find the compass 
course a which will cause the airplane to move over the ground in the de- 
sired direction. The solution is as follows: 


In the triangle PoPiP:, Fig. 3, the known quantities are A, W, and 9; 
where g is the true course over the ground, and w is also known. 
Let the angle between the true course and the course indicated by the 
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lubber’s line of the compass be y, which evidently equals g—a. We may 
then write: 


sin y sin (w—g) 
W A 


and 


‘ ae 
sin y | sin (w—g) 


which determines y (the drift angle) and therefore the course to be steered, 
which is 
@=9-y 
Also from the triangle PiP2P3, 


K = A+ W cos (w—a) 


which determines K and gives a check on the computation as it tells what the 
keel speed indicator reading will be when on the true course. 

In the problem first considered, the desired course is 52° and the data 
are: 


ie Sy W+A nr 40) 
A = 75 m.p.h w—g = 237°, sin = —0.84 
W = 30m.p.h sin y= — 0.336 
w= 289° a —20° 
g-—y=a Se 
w—a= 217°, cos = —0.80 
Therefore, K = 75 + 30 (—0.80) = 51 m.p.h. 


Short tables which may be printed on a single page will enable this compu- 
tation to be made very quickly and with little danger of mistake. 


68 There is a temptation to follow the subject further, but 
enough has been said to show the advantage of possessing an instru- 
ment that will give directly what may be called the keel-speed of an 
airplane over the ground. 


* USE oF THE GRAPHIC TRAVERSE TABLE 


69 Fig. 9 shows the graphic form of traverse table! referred to in 
the preceding problems. It consists of a graduated quadrant on 
cardboard with a celluloid scale pivoted at the origin. Course and 
distance are measured along the circumferential and radial scales, 
respectively; difference of latitude and departure along the vertical 
and horizontal scales, respectively. 

70 If differences of latitude and longitude are expressed in min- 
utes, distances and departures will be given in nautical miles. This 
results from the fact that sixty nautical miles are identical with 
one degree difference of longitude on the equator or one degree 
difference of latitude at any point. (One nautical mile equals 
about 1.15 statute miles.) The advantages of the nautical ‘mile, 


1 From Handbook of Travel, pp. 281-385, chapter on Determining Position 
by Astronomical Observations, by R. W. Willson. Copyrighted. 1918. by 
Harvard Univ. Press. 
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For values greater than 50 miles divide 
the given distances, by such 
an integer as will make 

them less than 50. 


Points of the Dist. and Lat. scales lying on the same horizon- 
tal line are “corresponding points.” 

Points of the Dist. and Dep. scales lying on the same vertical 
line are “‘ corresponding points.” 


To change Course and Dist. to Lat. and Dep.; Set the movable radius to the 
given course. Note the given distance on the Dist. scale. The Lat. and Dep. 
are the corresponding points on the Lat. and Dep. scales respectively. 

To change Lat. and Dep. to Course and Dist.: Find a point, p, corresponding 
to the given Lat. and Dep. Bring the movable radius to the point, p. The 
reading of the radius on the divided arc is the required course and the reading 
of the point p on the Dist. scale is the required Dist. 

To change Dep. to Diff. Long.: Set the radius to the Mid. Lat. Seek the 
given Dep. on the Lat. scale. The reading of the corresponding point on the 
Dist. scale is the required Diff. Long. 

To change Diff. Long to Dep.: Set the radius to the Mid. Lat. Seek the 
given Diff. Long. on the Dist. scale. The corresponding point on the Lat. scale 
is the required Dep. 


Fie. 9 Grapuic TRAVERSE TABLE 


which have led to its universal adoption for marine use, will be 
equally apparent if the nautical mile is adopted in aeronautics. 
In accordance with this view, air-speed indicators for long-distance 
flight are preferably graduated to read knots rather than miles per 
hour. 

71 Returning to Fig. 9, it will be seen that printed instructions 
are provided for its use in ordinary navigation computations. In 
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connection with air navigation, the two following problems are of 
interest and may be solved as indicated below: 


(a) To Find the Course and Speed of the Wind: Take L — Ras abscissa, 
K — A as ordinate, and set the. radial scale on their intersection. The 
reading of the index is x and the course of the wind is a + 2. 

To find the speed of the wind, set the index to the value of x and take 
L — R as abscissa; the corresponding point (defined in Fig. 9) on the dis- 
tance scale gives the value of W. Same directions for quadrant of x as in 
the margin of Table 1. 

(6) To Find the Course to Be Steered when A, w, and W are given and it is 
desired to move on the true course g: Set the index arm to (w — g) on the 
circle; read the abscissa corresponding to radius 50. Multiply this abscissa 


Circle 


S 


Fria. 10 SumMNER CIRCLE AND ALTITUDE OF THE SUN 


ionificant figures). With this product as an abscissa, erect 
we Le a : de lg par he are where this ordinate intersects the 
circle is the value of the drift angle y when on the desired course, and g — y 
= a, the compass course to be set so that the true course g may be followed. 
Problem (b) may be illustrated by the data represented in Fig. 2, where 
w = 90° and the true course g = 39°, and W/A = 30/75 = 0.40. Setting 
the index arm to 90 — 39, ie., 51, gives 39 for the corresponding abscissa, 
which, when multiplied by 0.40, equals 15.6. An ordinate erected at the 
abscissa 15.6 cuts the are of the quadrant at 18.3. Therefore y equals 
about 18° 20’, and the necessary compass beaming to make good the desired 
course will be a = 39° — 18° 20’ or about 21° east. 
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V—ASTRONOMICAL NAVIGATION 
Tue SUMNER LINE 


72 Fig. 10 serves to define the altitude h and zenith distance z of 
the sun (or other celestial body) as observed from any point P on 
the earth’s surface. The locus of all points for which the altitude is 
the same as at P is evidently a circle of radius PQ, passing through P. 
The plane of this circle is perpendicular to the paper. It is known as 
Sumner’s circle and any small arc of this circle, in the vicinity of 
P, short enough to be considered straight, would be called the 
Sumner line for point P. 

73 A knowledge of the sun’s altitude by sextant and of the time 
by chronometer enables the observer to draw the Sumner line on his 
chart. These data are insufficient, however, to determine at just 
what point along this line he is located. It is merely a “line of 
position,’ and one more such line must be found in order to get a 
“cut” or intersection which will definitely fix the position. 


ALTITUDE AND AziImMuTH DETERMINATIONS 


74 Thesecond observation required may either be the altitude of 
a second celestial object, a simple matter if the moon or stars are 
visible; or it may be the azimuth of the first body observed, e.g., 
the sun. Of course, there is always a possibility of establishing the 
second line of position by radio or dead reckoning (method of St. 
Hilaire), or in some other way than by astronomical observations. 

75 Azimuth instruments, such as the theodolite, have not yet 
been adapted for aircraft use with entirely satisfactory results and 
are limited by the accuracy of the compass. Altitude determina- 
tions are made by sextant observations just as in marine practice, 
except for difficulties caused by the motion of the aircraft. 


Typrs or AIRCRAFT SEXTANTS AVAILABLE 


76 Aircraft sextants may be classified with reference to the 
artificial horizon employed. Four groups have been developed: the 
gyroscopic, the damped-pendulum, and various spirit-level or bubble 
sextants, and the Willson bubble telescope. In addition to arti- 
ficial-horizon sextants, mention may be made of the Baker sextant,! 
in which the natural horizon (cloud strata, for example) is em- 
ployed, correction for dip being eliminated by combining the fore 
and aft horizon images, a convenient method but handicapped by 
the fact that cloud surfaces are not always level. 

77 Gyroscopic sextants were developed at an early date by Ad- 
miral Fleuriais.? A recent form of gyrosextant adapted for aircraft 
use is the Derrien-Bonneau-LePrieur instrument.’ Gyroscopic sex- 

1 Haton, pp. 27-28. 


2 Proc. Naval Inst., vol. 14, p. 166, 1888; E. Caspani, Jour. de Phys., 
vol. 6, p. 229, 1897; Annales Hydrographique, 1904; G. M. Littlehales, Proc. 


10K S. Naval Inst., p. 44, Aug., 1918; A. Gray, Gyrostatics and Rotational 
Motion, p. 129. 


3 Duval and Hébrard, pp. 47-48; Eaton, p. 31. 
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tants are heavier than some types, and limited in accuracy by small 
errors due to vibration and precession. 

78 The first instance of a pendulum sextant being used in aero- 
nautics appears to be in connection with the Wellman-Vaniman 
flight! of 1910. A damped pendulum horizon was successfully 
employed during the experimental navigation flights by Prof. H. N. 
Russell? at Langley Field in 1918, but such devices are usually too 
heavy for aircraft use and liable to become sluggish in cold weather. 
It is understood, however, that a pendulum horizon, both accurate 
and of light weight, has been made by Pulfrich? of Jena; also by 
E. G. Fischer (U.S. Coast & Geodetic Survey). 

79 A spirit-level sextant was constructed by Commander Byrd! 
for use on naval aircraft, while a sextant with spherical bubble was 
developed by Favé,* with magnetic compass attached for azimuth 
observations. Other bubble sextants are the German Schwartz- 
schild¢ and the British R.A.E.,’ in both of which aspherical bubble is 
employed and due recognition given to the desirability of light 
weight and compact form. The R.A.E. sextant is similar to the 
Willson sextant described below in that the images of both object 
and bubble move together when displaced. 

80 The Willson sextant employs a bubble telescope of special de- 
sign (See Fig. 11) and was described by Professor Russell at the con- 
clusion of his experimental flights as being the most satisfactory 
instrument available.® 


DETAILS OF WILLSON BUBBLE TELESCOPE 


81 The bubble telescope is a device which can be attached to any 
form of sextant without altering its construction. As furnished to 
General Kenly in 1918, it was attached to a quadrant, lighter than 
the usual sextant, and if desired can equally well_be attached to a 
divided circle lighter than such a quadrant. In Fig. 12 it is shown 
attached to an ordinary marine sextant. In this, B is the bubble 
tube illuminated by the lamp L at night. The lamp L’ illuminates 
the scale. These lamps are controlled by push buttons P attached 
to the handle H. Sun glasses S are placed in front of the horizon 
glass G to cut out the view through the unsilvered portion of the 


1W. Wellman, The Aerial Age (Keller Co., N. Y.), 1911. 

2 Russell, Navigation of Aircraft by Sextant Observations, Proc. Astron. 
Soc. Pacific, vol. 31, pp. 129-149, 1919. 

3 Eaton, p. 30. 

4 Eaton, pp. 2, 28. 

5 Duval and Hébrard, p. 48. 

6 Haton, pp. 2, 29. 

7G. M. B. Dobson, Geographical Jour., vol 56, pp. 370-389, 1920. 

8 Russell, loc. cit. The bubble telescope here described was developed 
by R. W. Willson in 1894 and shown to Professor Harkness, Superintendent 
of the Naval Observatory at that time, who rejected it in favor of the gyro- 
scopic sextant without experimental trial. A later model was taken to 
sea for experimental tests in 1908, and this was the identical instrument 
employed by Professor Russell in his Langley Field flights. 
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horizon glass or mirror. When the sun glasses are turned down, 
the natural horizon is brought into the field of view of the telescope. 
A mirror M attached to the movable arm A reflects the image of 
the celestial object into the glass G and thence along the axis of the 
telescope, where it can be made to coincide with the image of the 
horizon, or of the bubble, by suitably adjusting the arm A. The 
altitude is now read on the divided circle C, as in the ordinary use 
of any sextant. 

82 Asshown in Fig. 12, the bubble telescope has been substituted 
for the original telescope of the sextant, but an alternative form has 
been designed which may be attached to the sextant, or preferably 
quadrant, without removing the other telescope. It consists of a 
short horizontal tube combined with a longer vertical tube and is 
attached beyond the horizon glass. 

83 The essential principles in either case may be illustrated by 
Fig. 11. At night the pinhole opening 1, illuminated by a small 
electric lamp just above, serves as a point source of light which pro- 
duces the image of a fine little star which remains at the center of 


Fig. 11 Wu.~uson BuBBLE TELESCOPE 


the bubble image. When daylight is available, the pinhole 1 is un- 
necessary and this part is removed together with the lamp. 

84 The bubble 2 moves against the lower surface of lens 3; the 
liquid, usually xylol, is held in the glass box 4. Light from the sun 
or star under observation enters the object glass 5 and is focused 
in relation to the bubble image by the lens 6 before passing through 
the glass plate 7 into the eyepiece 8. Light from the bubble it- 
self is reflected into the eyepiece by the upper surface of plate 7. 

85 The images of the celestial object and of the bubble are super- 
posed in the field of view, and when once brought together by the 
fine adjustment of arm A (Fig. 12), they remain together. This is 
true no matter into what part of the field of view the two images 
may be displaced by small inclinations of the sextant. Hence, it 
is unnecessary to go to the trouble of centering the bubble. This 
is an essential feature of the Willson instrument not. previously 
possessed by any other; it is accomplished by the auxiliary lens 
6, which changes the focus of the objective, so that by sliding it 
along the axis it makes the stellar focus exactly equal to the radius 
of the level, i.e., of the lower surface of the meniscus lens 3. 
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86 For observations by day, when arm A has been set to the 
correct altitude, one sees in the field of view a wide, dark circle sur- 
rounding a clear central disk, and the image of the sun is just 
enough smaller than this disk to be readily made concentric with 
high precision. 

87 At night the problem is different, since the image of a star 
would not be large enough to deal with in this way. Hence, in- 
stead of illuminating the entire bubble area, a bright point of light 
is produced exactly at the center of the bubble image, which serves - 
for the fiducial point much better than the bubble itself. By means 


Fic. 12 Bussie TeLescorr AS APPLIED TO THE SEXTANT 


of arm A the image of the actual star is made to coincide with the 
artificial star, and again high precision is possible. This artificial 
star is produced and maintained always at the center of the bubble 
image by the use of some liquid of low viscosity with refractive 
index equal to 1.500 (xylol), and by having the bubble small enough 
to remain spherical. A diameter of 4/s in. is satisfactory, too small 
a bubble being sluggish in motion, while one too large flattens out. 
The bubble serves as a negative spherical lens maintaining a virtual 
image of the pinhole always on the level surface, i.e., on the lower 
surface of lens 3. This virtual image is the fiducial point. 

88 The object of the meniscus lens 3 is to render the light from 
the pinhole 1 parallel as it passes through the bubble. Therefore 
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the pinhole is to be placed at the principal focus of the lens, or about 
1 in. above the lens if the radius of its upper surface is 1/2 in. and 
of its lower surface 4 in. The pinhole may be about 4/2 mm. in 
diameter. Its function is only to serve as a point source, and 
not to cut down the intensity of the illumination. The intensity 
may be regulated in some other way, and means for doing this 
were provided on the quadrant as originally furnished to the Chief 
of Air Service. Not only is it important for the intensity of the 
artificial star not to be too great, but that of the actual star under 
observation must not be unduly diminished while passing through 
the optical system of the telescope; on this account the plane parallel 
unsilvered plate 7 as originally provided is preferable to the re- 
flecting cube sometimes used. 

89 In the construction just described the virtual image formed 
by the bubble is sufficiently close to the level surface, i.e., lower sur- 
face of lens 3, for all sizes of bubble that are small enough to remain 
spherical; hence, it is unnecessary to go to the trouble of providing 
means for regulating the size of the bubble, as appears to have been 
necessary in the case of the R.A.E. instrument. 


PRACTICAL USE oF WILLSON SEXTANT 


90 In adjusting the bubble sextant the usual preliminary ob- 
servations must be made to determine certain corrections, which, 
although required for different reasons, may be determined empir- 
ically in the same way as for any sextant.! 

91 When taking observations in flight, one first makes sure that 
the axis of the bubble tube is parallel to the plane of the circle C, 
Fig. 12; he next brings the bubble into view by tipping the instru- 
ment until the telescope is horizontal, and then rotating the in- 
strument slightly about the axis of the telescope. The instrument, 
as a whole, is then turned about a vertical axis into the azimuth of 
the sun or star under observation, after which the sun or star can 
be brought into the field of view by moving the arm A. 

92 A special form of rolling clamp has been devised which 
facilitates rapid adjustment of the index arm. For aircraft ob- 
servations the instrument is held in the hand in the usual manner, 
engine vibrations being sufficiently damped by the observer’s body. 
To diminish acceleration errors, careful piloting is essential. These 
errors are not so difficult to contend with in aircraft as at sea, and 
may be greatly diminished by averaging observations. 

93 The experimental navigation flights under the direction of 
Professor Russell referred to above, included more than one thousand 
sights on the sun, moon, and stars, and were taken from airplanes 
and seaplanes of nine different types. The utility of the instrument 


1 R. W. Willson, Determining Position by Astronomical Observations, 
loc. cit., pp. 296-3801; Determination of the Altitude of Aeroplanes by 
Sextant Observations, Proc. Am. Acad. Arts & Sci., vol. 47, pp. 22-43, 1911, 
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may therefore be fairly summed up in the following quotation 
from his Report: 


The bubble sextant appears to leave little to be desired as an instrument 
for aerial navigation. It is light, portable, reasonably rugged, easy to learn 
to handle and to manipulate under practically all conditions, and gives a 
precision of observation much surpassing the limit set by the small residual 
irregularities in even the best piloting. 

Perhaps the best example of what can be done with it is found upon the 
last flight, when nine observations were made at night upon Sirius—the 
observer being in the front cockpit and having to turn around in his seat 
and observe behind the wings, while the ship, of type JN4H, was carrying 
two bombs, and consequently not flying easily. Nevertheless, the average 
error for a single setting was 14 min. and that of the mean of the nine, 
2.5 min, 


REDUCTION OF OBSERVATIONS 


94 Choice of a suitable method for rapid computation depends 
on the particular flight contemplated and the individual preferences 
of the navigating officer. Much can be accomplished by precom- 
putation, and by choosing the most suitable map projections (Mer- 
cator, gnomonic, stereographic, Littrow, Hilleret central projection, 
ete.); and during the flight by graphical methods or mechanical 
computing devices. Examples of the latter are the line-of-position 
computer of Prof. C. L. Poor,! Bygrave slide rule, nomogram slide 
rule of Wimperis and Horsley, and the Baker navigating machine.” 


DETERMINING COMPASS CORRECTIONS IN FLIGHT 


95 Owing to magnetic disturbances when the engine is running, 
final corrections of the compass, although approximately compen- 
sated on the ground, are best determined in flight. This may be 
done by comparing the observed compass bearing of the sun with 
its computed bearing obtained from astronomical tables for the lo- 
cality of the ship; or in general from a knowledge of the latitude, 
time by chronometer, and the sun’s altitude, the necessary compu- 
tations having been explained in a previous publication.’ 


VI—RADIO NAVIGATION 


Metuops AVAILABLE 


96 Radio navigation by direction finder carried on the aircraft 
seems preferable to the older method of requesting information 
from shore stations. Though still undergoing development, it has 
been applied with considerable success.4 A third method, used in 


1 Poor, Simplified Navigation for Ships and Aircraft, pp. 50-71 (New 
York: Century Co., 1918). 

2 Wimperis, pp. 101-107; Eaton, pp. 33-41. 

3 Willson, Determining Position by Astronomical Observations, loc. 
cit., pp. 312-314. 

4 Baton, pp. 41-44; F. A. Kolster and F. W. Dunmore, The Radio Direc- 
tion Finder and Its Application to Navigation, Bur. Stds. Sci. Paper No. 
428, pp. 529-566, 1922; L. H. Walter, Directive Wireless Telegraphy, 1921. 
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Germany for Zeppelin navigation, consists in the operation of di- 
rectional antennae at the transmitting stations; there may be, say, 
12 such antennae 30 deg. apart, or one rotating-frame aerial. The 
craft can find its direction by observing which signals have the 
greatest intensity and noting the elapsed time after the initial sig- 
nal. 

97 The portable types of direction finder employ a coil aerial, in 
which a maximum current is induced when the plane of the coil lies 
in the direction of propagation, and a minimum current, almost zero, 
when at right angles to that direction. The polar-coérdinate dia- 
gram for intensity of signal as a function of angular displacement has 
the shape of a figure 8, so that the sharpest setting can theoretically 
be made when passing through the zero position. Practically, this 
advantage is modified by several disturbing factors, which have 
been surmounted in various ways described in the references quoted. 

98 For such instruments an accuracy of the order of 1 deg. is 
claimed under favorable conditions. This does not apply when 
flying close along shore parallel to the coast line, or at night when 
all wireless communication is subject to static disturbances. It 
is assumed that corrections are made for influences due to the air- 
craft itself. 

99 Whatever the form of the apparatus, it may be utilized in 
three ways: (a) For simply approaching a fixed station in a “‘curve of 
pursuit,” or (6) for finding the drift angle by timing successive 
observations, or (c) for determining actual position on the chart by 
reference to two or more stations of known location. Two such 
stations are theoretically sufficient if their bearings are taken with 
reference to the compass, for in this way two “‘lines of position” 
can be drawn on the chart and the ship must be at their inter- 
section. In view of the traditional unreliability of the compass, 
and on account of the desirability of an independent check, the 
alternative method suggested below may be of interest. 


DETERMINING Position BY RaApIo BEARINGS ALONE 


100 The proposed method consists in determining the direction 
of three stations, not with reference to the compass, but with refer- 
ence to the ship itself. If in this way the angle 6, between two sta- 
tions of known location A and B is determined together with the 
angle 6; between B and C, two intersecting curves can be found on a 
suitably prepared chart, and this intersection represents the position 
of the ship. » 

101 Let us consider the solution in detail for the case of a plane 
surface, which is sufficiently accurate when the distances from the 
position of the ship P, to the transmitting stations A, B, and C, 
Fig. 13, are not much greater than 500 miles. Suppose that the 
radio direction finder shows the angle 6; formed by the great circles 
PA and PB to be 90 deg. and 4, the angle subtended between PB 
and PC to be.64 deg. Not knowing the compass bearing of the 
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ship’s axis, it is impossible to lay off any of the lines PA, PB, 
or PC directly on the map; but a curve can be found passing 
through A and B which will be the locus of all points subtending 
an angle of 90 deg. between A and B. Likewise a curve can be 
found passing through B and C which is the locus of all points sub- 
tending an angle of 64 deg. between B and C. According to the 
observed data, the ship must lie on both loci at once and therefore 
at their intersection. 

102 The points A, B, and C being known they can be marked 
on a map, the two loci can be constructed and the point P there- 
fore fixed in position on the map. It only remains to discover 
the proper mathematical method for constructing such a curve 
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Fig. 13 DerTeRMINING PosiITION oF AIRCRAFT BY RADIO BEARINGS ALONE 
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through two given points A and B and lying wholly on one side of 
the line AB, that any point P on the curve will subtend a constant 
angle @ between A and B. The solution is familiar when @ is a right 
angle, for in this case the locus is a semicircle, having the diameter 
AB. As the point P is moved around this curve from A to B the 
angle APB, designated as 6, remains constant and equal to 90 deg. 

103 In general, the required locus consists of the segment of a 
circle whose center is so placed that the are AB on the side opposite 
to the point P will be equal to 26, this solution being familiar in 
connection with the 3-point problem in surveying and marine navi- 
gation. The center of such a circle O is therefore located on the 
perpendicular bisector of the chord AB, at a distance from AB 
of !/, AB cot 8. The center can be located graphically by drawing a 
line at A, making an angle 6 with the chord AB and erecting a per- 
pendicular to this at A. The intersection of this perpendicular 
with the perpendicular bisector of AB is the center of the circle. 


870 PRINCIPLES OF LONG-DISTANCE AIR NAVIGATION 


A family of circles thus can be constructed for a succession of values 
of 0. 

104 If a chart is prepared before the flight with two sets of 
circles, one passing through A and B, the other through B and C, 
the location of the ship can be found by interpolation without fur- 
ther computation except such as may be needed to correct for lack 
of simultaneity in the radio observations. Of course, more elab- 
orate charts can be prepared with the interval between circles re- 
duced to 1 deg. A third family of circles constructed on the chord 
AC provides a mathematical check against determinations made on 
AB and BC, while an experimental check can be made if some 
fourth station D is available for observation. 

105 The points A, B, and C on Fig. 13 have been transferred 
from Fig. 1, and represent Dayton, Pittsburgh, and Washington, re- 
spectively. Langley Field will be recognized in Fig. 13 at longitude 
76 deg. 23 min. west, latitude 37 deg. 2 min. north. The point P 
represents an airplane flying from Langley Field to Dayton. Radio 
bearings from Dayton, Pittsburgh, and Washington show that the 
ship is on the 90-deg. circle connecting A and B, and on the 64-deg. 
circle connecting B and C. Interpolation on Fig. 13 locates the 
ship exactly on a straight line between Langley Field and Dayton, 
and just crossing the 81st meridian. 

106 The solution for the case of a spherical surface has not yet 
been fully worked out, but a comparison of the rhumb line and great 
circle (Fig. 1) between Langley Field and Boston (a distance of 
395 nautical miles) shows how trifling this difference is for moderate 
distances. The rhumb line is a straight line on Mercator’s chart, 
being the track of a ship which maintains a constant compass 
course; while the great circle, appearing as a curve on this chart 
but actually the shortest distance between two points on the globe, 
represents the path normally followed by the radio signal. 


VII—VARIOUS EXPEDIENTS FOR SAFETY AND 
EFFICIENCY 


METEOROLOGICAL INFORMATION 


107 Considerable progress had been made toward the end of the 
war in organizing meteorological services to aid the aviator in select- 
ing the most favorable time for departure, and in providing for at- 
mospheric conditions which may be encountered before reaching his 
destination. The importance of this service for commercial aero- 
nautics can hardly be stressed too much. 


HiGguH-ALtTITuDE FLIGHT 


108 The efficiency of air navigation depends on choosing a favor- 
able altitude, and in this respect progress seems to be continually up- 
ward; for at the higher altitudes advantage may be taken of greater 
wind velocities (particularly for eastward flight over the United 
States), the air is less “bumpy,” local storms may be avoided, and 
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there is a proportionally greater area open to selection in case of 
forced landing. At altitudes greater than 10,000 ft., or for sustained 
flight above 5000 ft., attention must be given to the aviator’s Oxy- 
gen supply.? 


Fiyine Over WATER 


109 Difficulties encountered in long-distance flight over water, 
aside from the risk of forced landing at some distance from help, are 
largely due to the uniformity of the surface of the ocean which 
makes it difficult to estimate ground speed. An examination of 
these various problems was published by J. V. Martin as early as 
February, 1912,? in the course of which a letter from one of the 
present authors was reproduced, from which the following extract 
may be of interest: 


I presume that there will be no great difficulty in making observations 
of the altitudes of the heavenly bodies from an aeroplane if the development 
of the science of aviation makes it necessary. 

For determining the course and distance it would be possible to learn 
something at any time when the airship could be made to pass nearly over 
some well-marked point in the water beneath—how conspicuous such 
objects would have to be and how frequently they would be visible in an 
ocean voyage you can tell better than I. 

I should think I had seen patches and streaks of smooth water and per- 
haps other objects easily visible at a mile or two of distance and sufficiently 
stationary to be used from a rapidly moving aeroplane, for the observations 
of a four-point bearing, that is, by observing the time when the object is 
directly beneath and again when it is left behind and depressed 45 deg. below 
the horizon. The distance traveled in the observed interval of time is 
equal to the height of the aeroplane, hence the speed may be determined 
while a compass bearing of the object taken at the same observations gives 
the course. 

Of course, all methods of using two bearings and the elapsed time which 
are useful at sea may be modified in a similar way, the problem being the 
reverse of the nautical problem, the distance of the aeroplane from the water 
being used to find the speed instead of the speed being used to find the 
unknown distance. 

It is, of course, necessary to know the height, and this requires that a 
reliable barometer should be carried. It has been suggested that the often 
unreliable aneroid be checked by finding the dip of the horizon and then 
computing the height; this would be possible with a fair degree of accuracy 
at moderate height and with a clear horizon by means of the “‘Navigator’s 
Prism’’ described by Capt. John B. Blish, Proc. U. 8. Naval Inst., vol. xxix, 

whee 
4 At night it might be possible to drop a sodium pellet of suitable size and 
note the time when it has been left behind so far that its depression is 45 
deg. and again when its depression is 26.5 deg. At this interval the distance 
traveled by the aeroplane is equal to its height above the water and the 
speed is thus determined. This will be evident from Fig. 1 [of the article]. 

It would be possible, perhaps, to devise some method of marking a spot 
on the water that would serve as a mark in the daytime for such an obser- 
vation. It is not impossible that the spray from breaking waves might 
under some conditions form suitable points for observation. [f the ocean 


1¥F, L. Hunt, Oxygen Instruments, N.A.C.A. Rep., p. 130. 
2 Martin, Across the Atlantic by Aeroplane, Sci. Am., Feb. 3, 1912, pp. 106, 


16, quoting letter from R. W. Willson. 
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steamship routes were followed, it is probable that many ships might be 
used for this purpose, due allowance being made for their own proper 
motion. 

I have considered the possibility of using a light float trailed by a fine 
line to indicate the direction of the aeroplane and perhaps to serve as an 
indicator of the speed. If the direction and force of the wind were constant 
at all levels from aeroplane to the water surface, or if conditions were such 
that all points of the line lay in the same plane, this plane would indicate 
pretty accurately the direction of the flight of the airship; while it is probable 
that conditions could be arranged so that the vertical angle at which the 
line left the aeroplane would give a measure of the speed. Experience 
would probably furnish a proper correction for the effect of cross-currents 
between the airship and the water surface. 

It is not unlikely that only a very small float would be required and that 
a considerable amount of the line itself dragging through the water would 
furnish the necessary friction, perhaps fairly constant under various con- 
ditions of the sea. Perhaps a small patent log attached to such a line 
might be made to give an approximate value of the speed, or perhaps the 
tension of the cord as measured by spring balance would serve to measure 
the speed. 

In any case it seems worth while to try all-these methods in a set of pre- 
liminary experiments at various times and under varying conditions of 
wind and sea. I would suggest the following construction for the log-line 
apparatus: The line itself to consist of about two miles of salmon line 
weighing about one pound per mile and with a breaking strength of 22 lb. 
(these being figures which I have obtained from a commercial sample), 
and the height of the aeroplane to be maintained at about 3000 ft. during 
the observation. The accompanying diagram shows the form I should 
give to the log-line apparatus. 


110 Several of the methods indicated in the above communica- 
tion have since been put into practice, while it is believed that the 
salmon line still carries interesting possibilities. Illustrations may 
be found in the article referred to. 


NIGHT AND CLoup FLYING 


111 Flying on a clear night presents no serious difficulty if the 
eyes are not made insensitive by excessive illumination of instru-— 
ments.! 

112 Powerful searchlights may become of great importance to 
the air navigator at night, particularly when flying over clouds. Re- 
cent developments by Sperry in this country, and others abroad, 
have led to promising results, and it is understood that the air mail 
service is establishing a complete system of searchlights and wire- 
less beacons at intervals as close as 25 miles apart between New 
York and Chicago or beyond. It is hoped that detailed information 
on this subject may be brought out in discussion on this paper. 


LANDING In Foa@ 


113 The problem of fog landing may be subdivided into the prob- 
lem of landing in fog at one’s destination, and that of forced landing. 
114 The former presents no insuperable difficulty, but one that 
requires the fullest use of methods already enumerated, particularly 


1N.E. Dorsey, N.A.C.A. Rep. 33; Bennewitz, loc. cit., pp. 221-260. 
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radio methods. The developments of special searchlights for fog 
signaling is in progress, and it has been found that certain wave 
lengths in the spectrum are more penetrating than others. Aerial 
traffic regulations are desirable, such as the restriction of each 
definite class of traffic to a designated altitude varying by intervals 
of 1000 ft. The Loth cable system! is of great interest as a means 
of guiding aircraft toward their destination. It consists of a wire 
connecting two aerodromes on the route, grounded at both ends, 
through which an alternating current of several amperes is sent. 
The magnetic field created in this way can be detected by compara- 
tively light apparatus in the airplane at a height as great as 9000 
ft., and, when near the ground, at a distance as far as 10 miles either 
side of the line. 

115 The risks due to forced landing in fog over unfamiliar terri- 
tory may be diminished by navigation methods which will prevent 
deviation to either side of the prescribed course. Therefore the 
worst that can happen is to be forced to descend between stations. If 
the stations are close together and the altitude sufficiently great at 
all times during the flight, it should be possible to make a safe 
landing with the aid of signaling devices such as have been mentioned 
or are under development.? 

116 Attempts to dissipate or prevent the formation of fog have 
not been successful on any very large scale, although experiments of 
local interest have been carried out with some success on the 
Monongahela River at Pittsburgh by the Mellon Institute cf In- 
dustrial Research. The method consists of laying down an oil 
film of such extreme thinness that a comparatively small quantity 
of oil is spread over a very considerable area. This tends to pre- 
vent fog formation over the river. 

117 The upshot of all investigations toward fog prevention 
seems merely to point to the importance of combating the difficulties 
by superior,skill on the part of the pilot, more reliable engine perfor- 
mance, and more effective use of the usual navigation and signaling 
devices. 


VIII—INSTRUMENT PROBLEMS 


STANDARD INSTRUMENT EQUIPMENT 


118 The pilot of a typical American army plane must handle or 
watch numerous diverse instruments. A close-up view of the in- 
strument board proper has been given in a previous paper together 
with a discussion of standard flight instruments.* 

119 These standard instruments, excepting the power-plant 
group, must also be available to the navigating officer in the rear 


1 W. Loth, Comptes Rendus Acad. Sci., Paris, Dec. 5, 1921; P. Franck & 
A. Volmerange, l’ Aéronautique, Feb., 1922. 

2 A comprehensive study of night-flying and fog-landing methods has 
recently been completed by J. A. C. Warner of the Bureau of Standards. 

3 Trans. A.S.M.E., vol. 42, pp. 81-118, 1920. 
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cockpit (or wherever situated), and, in addition, all his various in- 
struments for strictly navigation work. Our attention is immedi- 
ately drawn to the importance of reducing the bulk cf such instru- 
ments and investigating their most efficient arrangement. The 
navigator must be unhampered in the use of observing instruments 
and in the present state of the art he may wish to take on board ex- 
tra instruments for experimental trial, a possibility which should be 
provided for. 
120 A typical outfit of instruments for the navigating officer 

might include: 

Altimeter graduated for standard air! 

Density-corrected air-speed indicator? or air-log 

Navy standard compass, compensated or corrected in flight 

Gyro turn indicator of rather high sensitivity (a less sensitive one for 

the pilot) 

Inclinometers and banking indicators 

Ground-speed and drift indicator 

Aeronautical map, on rollers, with protractor for course finding 

Chronometers keeping solar and sidereal time 

Bubble sextant 

Computing devices according to taste 

Radio direction finder 

Oxygen regulator for high altitudes. 


RESEARCHES AND DEVELOPMENTS REQUIRED 


121 Research work on fundamental instrument problems is apt 
to be neglected on account of the demand for some new type of in- 
strument from time to time. Persistent investigation of such prob- 
lems should ultimately make it possible to place the design of all 
standard instruments on a rational instead of a cut-and-try basis, 
just as is the case now, for example, with the dynamo and steam 
turbine. For this purpose the performance of existing instruments 
must be more closely studied in order to fully understand the effects 
of temperature and vibration on the mechanism, and to develop the 
best methods for eliminating lost motion and friction, and for damp- 
ing oscillations; materials, also, must be studied in the hope of dis- 
covering or producing alloys for springs and diaphragms which 
are insensitive to low temperatures and comparatively free from 
elastic lag. 

122 A general outline of problems connected with the progressive 
improvement and best utilization of the standard flight instruments 
has been given in a recent paper® and it is believed that such investi- 
gations should be kept constantly going on and applied to each new 
class of instruments which passes from the experimental into the 
commercial stage. 


1 Such altimeters are used in France to reduce the magnitude of the cor- 
rections necessary for air temperature. 

> Such instruments are made in England. For the aerodynamic correc- 
tion of venturi instruments, ef. M. D. Hersey, Prem. Cong. Int. Navig. 
Aer,, Rap. IL., pp. 79-85, 1921. 

3M. D. Hersey, N.A.C.A. Ren. 125. 
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123 For navigation purposes, new inventions are in demand 
along the following lines: Altitude measurement without reference to 
barometric pressure, ground-speed measurement without depen- 
dence on visibility of the ground; absolute inclinometer uninfluenced 
by accelerations; geographical position indicator; and direction indi- 
cator operating independently of the earth’s magnetic field. While 
it may be too much to expect that instruments can be devised com- 
pletely fulfilling the above requirements, a number of interesting 
developments are reported 1 in a recent paper! and, it is hoped, may 
be further described in the discussion to come. 


IX—CONCLUSION 


TECHNICAL LITERATURE AVAILABLE 


124 References on air navigation and aeronautic instruments for 
subsequent reading may be presented in three groups: Represen- 
tative general articles (by no means a complete list); detailed trea- 
tises or official reports; and bibliographies. 

125 General Articles. As a concise introduction to the subject 
possibly nothing could be better than Report No. 8 of the National 
Advisory Committee for Aeronautics entitled General Specifications 
for Aeronautic Instruments.? At about this same period an im- 
portant contribution to the earlier development of the subject ap- 
peared in a paper by E. A. Sperry on Aerial Navigation over Water® 
describing instruments invented for the purpose and showing how to 
interpret the appearance of the waves. 

126 H. E. Wimperis‘ in 1919 gave a general account of long-dis- 
tance air navigation as developed in England, while a paper of no less 
interest dealing more specifically with the design of instruments was 
published by G. M. B. Dobson® in 1920. A general account of the 
construction and testing of aeronautic instruments, based on the 
work of the Bureau of Standards during 1911-1919, was presented by 
M. D. Hersey at the St. Louis meeting of this Society® and, in com- 
mon with the two papers’ above, was supplemented by a published 
discussion. A fourth paper of similar scope published by C. E. Men- 
denhall’ in 1921 gives an account of development work by the Army 
Air Service during the war. 

127 In forthcoming volumes of the Dictionary of Applied Phys- 


1 fF. L. Hunt, N.A.C.A. Rep. 132. For precision altimeter design see 
also J. B. Peterson, N.A.C.A. Rep. 126, and for compass development, 
J. A. C. Warner, N.A.C.A. Rep. 128; P. R. Heyl and L. J. Briggs, Proc. 
Am. Phil. Soc., vol. 61, pp. 15-32, 1922. 

2 Second Annual Rep., pp. 25-28, 1916. 

3 Trans. Soc. Auto. Engrs., vol. I, pp. 153-165, 1917. 

4 Aeronautical Jour., vol. 23, pp. 445-468, 1919. 

5 Geographical Jou vol. 56, pp. 370-389, 1920; Nature, vol. 106, pp. 
504-506, 1920. 

6 Mechanical Engineering, June, 1920; Trans. A,S.M.E., vol. 42, pp. 
85-118, 1920. 

7 Jour. Franklin Inst. vol. 191, pp. 57-86, 1921. 
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ics! we are promised articles by Comm. T. Y. Baker on Navigation 
and Navigational Instruments (Vol. IV), and by G. M. B. Dobson 
on Aircraft Instruments (Vol. V). 

128 Detailed Treatises and Reports. Bowditch’s American Prac- 
tical Navigator? has long been the standard reference work on funda- 
mental navigation problems. The problems of balloon navigation 
are fully considered in a book by A. Marcuse,’ 1909. The treat- 
ment of Determination of Position by Astronomical Observations, 
by R. W. Willson,’ referred to in previous footnotes, aims to 
present the essentials of astronomical navigation with all necessary 
tables in a minimum space. H.N. Russell’s® Report on the Naviga- 
tion of Aircraft. by Sextant Observation was published in 1919 and 
represents the most complete investigation of that subject which 
has come to our attention. The compact little Primer of Air Nay- 
igation by H. E. Wimperis® is well illustrated by figures in the 
text and numerical examples to be worked, and represents the 
research work of the British Air Ministry. Standing in a similar 
relation to French experience may be mentioned the Traité Prati- 
que de la Navigation Aérienne, by A. B. Duval and L. Hébrard.’ 
Instrument equipment and navigation methods for German air- 
craft are fully described by K. Bennewitz.* The subject of radio 
navigation is well covered in Directional Wireless? by L. H. 
Walter. 

129 Results of instrument research in the different government 
establishments are to be found in the Reports of the British Advisory 
Committee for Aeronautics, the Bulletin du Section Technique de V 
Aéronautique Militaire, and in the Technical Reports of the National 
Advisory Committee for Aeronautics, Washington, D. C. Men- 
tion may particularly be made of the N.A.C.A. Reps. 125-132 
inclusive, comprising a general report on the status of aeronautic 
instruments at the end of the war, including descriptive details of 
American and foreign instruments, testing methods, and experi- 
mental results. No. 131 by H. N. Eaton covers long-distance 
navigating instruments. This group of investigations was carried 
out at the Bureau of Standards mainly during 1917-1920 by a tech- 
nical staff under the direction of one of the present authors, and the 
Reports have been found useful in compiling information for the 
present paper. | 

130 More recent papers on air navigation from many sources are 


1 Kdited by Sir Richard Glazebrook; Macmillan Co., N. Y., 1922 +. 

2U.S. Hydrographic Office, Wash., D. C. 

3 A. Marcuse, Anleitung zur Astronomischen Ortsbestimmung im Ballon; 
G. Reimer, Berlin, 1909. 

4 Handbook of Travel, Chap. 28, p. 385, Harv. Uniy. Press, 1918. 

5 Proc. Astron. Soc. Pacific, vol. 31, pp. 129-149, 1919. 

6 Constable, London, 1920 (128 pp.). 

7 Gauthier-Villars, Paris, 1922 (60 pp.). 

8 Flugzeuginstrumente; Berlin, R. C. Schmidt, 1922. 

9 Pitman & Son, New York, 1922. 
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to be found in the reports of the First International Congress of 
Aerial Navigation held at Paris in Noy., 1921. 

131 Bibliographies. About 250 references on aeronautic instru- 
ments extending from 1892 to 1921 will be found in N.A.C.A. Rep. 
125.2. A valuable bibliography on air navigation from 1919 to 1922 
(74 titles including meteorological subjects) has been issued by the 
Air Board, Ottawa, Canada. In his book on Directional Wireless, 
previously réferred to, Walter gives a bibliography of about 75 
titles extending through 1921. 


SUMMARY OF PROGRESS 


132 The experimental navigation flights by Professor Russell at 
Langley Field in different types of airplanes and seaplanes, and sim- 
ilar flights around the British Isles in a Handley-Page have served 
to indicate the numerical accuracy of navigation under varied condi- 
tions. Position finding by astronomical observation may apparently 
be relied upon within 20 miles or better; direction finding by radio 
within one or two degrees under fair conditions; true course and 
distance by dead reckoning within about 3 deg. and 2 per cent, 
respectively. 

133 Practical demonstration of these possibilities has been fur- 
nished by the successful flights of the NC boats, of Alcock and 
Brown, and of the R-34 across the Atlantic; of Sir Ross Smith from 
London to Port Darwin, Australia, and of Coutinho and Saccadura 
from Lisbon to Rio de Janeiro; for there were long periods in each of 
these flights when the craft and its passengers were wholly dependent 
on dead reckoning, or radio, or astronomical navigation. 


DISCUSSION 


Joun A.C. Warner. The writer shares the authors’ belief that 
the existing methods and devices are adequate to the needs of air 
navigation in practically all details. But a more complete and 
efficient organization of all constituent branches is essential. 
This involves the suitable equipment and organization of ground 
installations such as fields, meteorological posts, and systems of 
communication, and also the highly specialized training of pilots 
and navigators. 

Among the drift devices mention might be made of the optical 
type recently developed in France by Barbillion and Dugit. 

In connection with the sextant problem the British seem to place 
considerable confidence in the bubble type sextant when an arti- 
ficial horizon is required, but much prefer whenever possible to use 
a very small marine sextant equipped with devices for rapid ad- 
justment. 


1 Prem. Cong. Int. Navig. Aér. Nov. 15-25, 1921; Rapports, t. I-IV, 
Chambre Syndicale des Industries Aéronautiques, 9 rue Anatole-de-la- 


Forge, Paris. 
2Cf, Seventh Ann. Rep. N.A.C.A. 
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Fog-prevention experiments as conducted by the Mellon Institute 
of Industrial Research were conducted at an earlier date in France 
with much the same result. In Great Britain they have become 
resigned to the fog and are trying to circumvent rather than destroy 
it; investigation of the three most promising methods of fog dissipa- 
tion, i.e., mechanical, electrical, and thermal, convinced the in- 
vestigators of their impracticability. 

It has been proposed! that one solution of the fog landing prob- 
lem may lie in the selection of airdromes in pairs, the conditions 
around one site being customarily different from those surrounding 
its neighbor. If the existing conditions were favorable for valley 
mist an airdrome on the hil would not suffer while the site nearby 
might be completely enshrouded, and vice versa. Radio would 
offer a means of directing aircraft to the more favorable field. 

Henry N. Russeiu.2 Reference should be made to the great 
convenience of the Willson bubble sextant for aerial work. The 
possibility of making observations with the bubble at any point 
in the field of view is of fundamental importance. Successful 
work in the air would be practically impossible without it. In 
actual experience the bubble drifts about considerably, owing to 
the accelerations of the ship, and it is impracticable to make exact 
observations of the contact of two images. The best method of 
observation is to bring the image of the sun, moon, or star into the 
center of the bubble. Under the best conditions the average error 
of a single setting is about ten minutes of are. This arises almost 
entirely from irregularities in the piloting of the air craft. 

As regards the calculations the writer would like to emphasize 
the desirability of using the St. Hilaire method and computing in 
advance the expected altitude of the sun or other body to be ob- 
served, much as has been suggested by Dr. Littlehales. 

With regard to instruments there is little reason for carrying both 
solar and sidereal chronometers. A good watch regulated to mean 
time and a cheap watch rated for sidereal time should suffice. The 
latter could be corrected at odd times during the flight with the aid 
of a table of comparisons prepared in advance. If the expected 
altitude is calculated in advance there is no need for taking a sidereal 
timepiece at all. 

The sea horizon is better than any other when it can be seen. 
Level land is almost as good. A uniform layer of clouds forms a 
fairly good horizon, although it is not usually quite level and errors 
of as much as ten miles may easily occur from this cause. But 
even this is preferable to an artificial horizon. 

Ernst G. Fiscuer.* The devices for obtaining an artificial 
horizon in marine navigation appearing to be either too cumber- 
some or without sufficient sensitivity, the writer devised an ar- 


L R and M No. 727, British Advisory Committee on Aeronautics. 
* Director, University Observatory, Princeton University, Princeton, N. J. 
’ Formerly of the U. S. Coast and Geodetic Survey, Washington, D. C. 
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tificial horizon consisting of a pendulum of minimum mass and of 
maximum area opposed to a damping liquid; obtaining thereby 
a possible sensitivity of only a few seconds with practically “dead- 
beat”’ action. 

As with this device the reflected image of the celestial object 
does not move with the lines defining the position of horizontality, 
the instrument becomes of necessity one which requires such 
steadiness and skill as can be acquired only by considerable ex- 
perience and training. 

The results of tests by experienced navigators show that in the 
hands of a person trained in its use, the instrument will give re- 
sults with probable errors not exceeding 5 minutes on vessels of 
average steadiness under average conditions. The training and 
practice must include due consideration of the effects of ‘‘accelera- 
tion,” which affects all devices of this kind excepting those controlled 
by gyroscopic action. With practice better results than with any 
of the other devices simply held in the hand and not encumbered 
with gyroscopic apparatus can be obtained. 

G. W. Lirrtexates.! An article by the writer in the Journal 
of the American Society of Naval Engineers, deals with the subject 
of fixing geographical position in aerial navigation by means of 
vessel-to-shore or vessel-to-station radio-compass bearings. This 
discusses Section VI of the present paper. A paragraph at the 
bottom of page 41 of this article contains a disclosure of the coming 
practical method of position-finding by long-range radio-compass 
bearings, instead of the imperfect and unpractical attempts that 
are prescribed for plotting long lines or bearing on charts, which 
cannot be conveniently done either quickly or accurately enough. 
Because the article was a discussion of the utilization of vessel-to- 
shore bearings, the paragraph referred to deals only with vessel- 
to-shore bearings by means of Hydrographic Office Publications 71 
and 120 (Time-Azimuth Tables) which cover all latitudes within 
70° of the Equator, but the same azimuth tables afford the best 
existing facilities for fixing position by means of distant shore-to- 
vessel radio-bearings. For example, suppose a station in latitude 
23° N transmits a true bearing of 94° to a vessel in a position as 
yet unknown somewhere between latitudes 12° and 15° N, turning 
to the page for 23° of latitude in the Azimuth Tables, find 94° in 
the azimuth column under declination 12°, and opposite to it in 
the hour angle column will be I1Ih. 20m. This tells us that, if 
the latitude of the vessel is 12°, the relative longitude, that is, the 
longitude counted from the known longitude of the radio station, 
will be II[h. 20m. In the same manner, find 94° in the azimuth 
column under declinations 13°, 14°, 15°, etc., and the corresponding 
relative longitudes will be found to be IITh. 10m., ITh. 58m.,, Ih. 
46m., etc. The foregoing proceeding is brief and simple, and 


1 Hydrographic Engineer, Navy Dept., Washington, D. C. 
2 Vol. xxxii, no. 1. 
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enables us to trace at once the locus of the position of the vessel; 
and to find its intersection with another locus traced in like manner 
from another station. It will be of interest to observe that the loci 
thus traced are arcs of great circles of the earth, whereas the loci 
that are similarly traced in dealing with vessel-to-station bearings 
are isogonic lines. By proceeding thus, we are absolved from 
making a particular choice of chart-projection to serve the re- 
quirements of the navigator, since the required loci may be service- 
ably traced with despatch on maps and charts whatever may be 
the laws of projection employed in their construction. 

With reference to the paragraph in the authors’ paper under the 
caption Reduction of Observations, it might prove useful to invite 
attention to an article by the writer entitled The Chart as a Means 
of Finding Geographical Position by Observations of Celestial 
Bodies in Aerial and Marine Navigation. 

To lighten the labors of the aerial navigator there is now in press? 
an extensive work by the Hydrographic Office entitled The Sumner 
Line of Position Furnished Ready to Lay Down upon the Chart 
by means of Tables of Simultaneous Hour Angle and Azimuth 
of Celestial Bodies, by the writer. By having available in the tables 
the hour angle of the celestial bodies, or the relative longitude, 
at successive altitudes above the horizon in latitudes one degree 
apart from 60° N to 60° S of the Equator, the longitude from 
Greenwich, on the nearest integer-degree parallel of latitude, of a 
point on any required Sumner line may be found by comparison 
of the hour angle from the tables with the corresponding hour angle 
of the observed celestial body at Greenwich as shown by a time- 
piece regulated to the meridian of that place. Through the Sumner 
point thus found, the Sumner line is drawn by means of the value 
of the azimuth tabulated in juxtaposition with the value of the 
hour angle. 

J.G. Corrin.? The accuracy of the measurement of barometric 
pressure in rapidly moving airplanes is open to serious question. 
An error of nearly 1000 ft. in computed altitude is possible at a 
speed of 120 m.p.h., and one of 3375 ft. at 225 m.p.h. 

If a body of any shape is moving rapidly through the air, there 
are regions on the surface of it which receive an aerodynamic pres- 
sure greater than the normal static or barometric pressure and there 
are also regions under small pressure than normal. 

For a sphere, for example, the pressure variation is shown in 
Fig. 14, where radial distances outside the circle represent pressures 
in excess of normal and raidal distances inside represent pressures 
less than normal. The radius, therefore, represents true baro- 
metric pressure, but not necessarily to scale. 

The difficulty cannot be met by placing the barometer in any other 


1 Proc., U. S. Naval Inst., Mar., 1918. 
2 Issued in November, 1923, as Hydrographic Office publication No. 203. 
3 Physicist, U. S. Rubber Co., New York, N. Y. 
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receptacle or in particular, inside the fuselage; as the outside con- 
tainer must also be open to the air and as before the instrument will 
measure the total pressure obtaining at this opening. 

It occurred to the writer that this difficulty could be overcome 
by placing the barograph inside of a small sphere which is fully 
exposed to the airstream and connecting its hermetically tight case 


Below 
Normal 
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Fic. 14 Pressure VARIATION FOR SPHERE 


Wired 


to a small opening in the sphere.! If this sphere be now rotated 
by clockwork or other means at a uniform speed the opening will 
be carried around in a horizontal great circle and the barograph 
will register all the pressures, of course, passing through normal 


Pressure or Altitude 


Time 


Fig. 15 Barograry Recorps 


pressure two (or more) times per revolution. The trace registered 
will be similar to Fig. 15. 

From experiments made in the Curtiss Wind Tunnel at Garden 
City it is found that the zero points A and B remain fixed at all 
speeds experimented with. On the other hand, the change in 
speed produces an enlargement of the pressure scale and the pres- 
sures follow exactly the same law as if registered with a pitot tube 


of standard design. 


1 The barograph can, of course, also be connected to this opening by means 
of an airtight tube and be placed in any convenient location for observation. 
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It is a simple matter to calibrate such an instrument and draw the 
line CD, representing true barometric pressure, so that this trouble- 
some problem is completely solved. 

ALEXANDER McApie.! Under Instrument Problems in the 
standard outfit for navigation officers the authors have listed first 
an altimeter graduated for standard air. It is all important, of 
course, that an aviator should know his exact height above ground 
or sea. Ordinary altimeters give accurate elevations (so far as the 
correction for mean temperature of the air column is concerned) 
at 283 deg. absolute, that is, 10 deg. cent. or 50 deg. fahr. This, 
however, is seldom the mean temperature of the air column. When 
higher, then the altitude of the airship is greater than the indication 
of the altimeter. Generally the mean temperature is lower and the 
altimeter records too high. There are tables, of course, for getting 
the corrections, but a small instrument, which the writer devised, 
weighing less than a kilogram, enables the navigator with two 
motions of the hand, to read off at once his true height, that is, 
the height corrected for temperature. Of course, this presupposes 
that the navigator has some definite idea of the temperatures at the 
base and his own level. The instrument could probably be made 
to work automatically but even as it stands it would be helpful 
to the navigator as it does away with the use of tables for tempera- 
ture correction. 

C.F. Marvin.? A knowledge of existing weather conditions and 
those to be encountered in flight is essential to aviators. The 
Weather Bureau now furnishes this information to the fullest ex- 
tent possible with the funds at its command. Flying-weather 
forecasts of conditions to be expected at flying levels and at the 
surface are issued twice daily for fourteen zones into which the 
country is divided for this purpose. In addition, more detailed 
forecasts are made for the three model airways radiating from 
Washington and having terminals at Long Island, Norfolk, and 
Dayton. Advices also are given directly by telephone and tele- 
graph to individual fliers who desire information personally before 
beginning flights. 

H. E. Harrney.* It hardly seems necessary to have air naviga- 
tion as accurate and precise as marine navigation, for the airplane, 
due to its great speed and increased maneuverability, can with 
little inconvenience to passengers, obliterate, as it were, an error 
of, say, 20 miles that might be made by relying on astronomical 
observations, or a two-degree error in navigation by radio finding. 

C. D. Hanscom. There appear to be two distinct problems in- 
volved in the discussion of navigation: first, long-distance flights 
and commercial airship operation; second, ordinary commercial 


1 Director, Blue Hill Observatory, Harvard University, Readville, Mass. 

* Chief of the Weather Bureau, U. S. Dept. Agriculture, Washington, 
DG. 

3 Washington, D. C. 

4 Chief Engineer, Glenn L. Martin Co., Cleveland, Ohio. 
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airplane operation. In both cases, radio direction finding would 
seem to be the best method available, but for commercial airplane 
operation, certain problems of structure and operation may perhaps 
be emphasized. 

Owing to weight limitations, commercial airplanes must usually 
land for gasoline at intervals approximating 300 miles. As has 
been pointed out, the error even by dead reckoning will not. usually 
be serious for this distance. A radio receiving set for direction 
finding would immediately correct this small error, and in thick 
weather a Loth cable would permit landing without difficulty. 
Moreover, pilots thoroughly familiar with their route, as commercial 
pilots should be, could pick up landmarks even in thick weather 
when so close to their destination. 

When night flying becomes prevalent, different conditions appear. 
If the plane has but one engine, danger of engine failure makes it 
imperative that emergency landing fields should be provided at 
intervals of twenty miles. By placing a relatively cheap but 
powerful automatic beacon at each field, all navigation problems 
vanish; even a poor pilot can find an objective 20 miles away, 
especially since each beacon would be visible from the next field 
on ordinary nights. With twin-engined commercial planes the 
solution is practically the same, but for multi-motored machines it 
will be possible to eliminate the fear of forced landings and with it 
the emergency landing fields. The multi-motored plane, therefore, 
will normally navigate by radio direction finder, either supplemented 
by or supplementing dead reckoning. 

A. F. HeGensercer.! The general impression a person will 
get in reading the paper by Messrs. Willson and Hersey would 
be that the present method of dead reckoning and astronomical 
navigation are very well developed, and by using the best equip- 
ment, very satisfactory results can be obtained, but our experience 
in the Engineering Division with a large number of the instruments 
referred to in the paper, does not give us that impression. We 
have found it is very difficult to get accurate results and determine 
position either by dead reckoning or astronomical navigation, under 
all conditions. When we arrange the conditions on which we will 
fly, so that they are more or less ideal, we can, by taking several 
observations and averaging them, determine our position within 
five miles. But under unusual conditions and rough weather, some 
of the results are quite wild, and the average would be much over 
25 miles in error. 

Mayo D. Hersey.? An interesting account of the life and 
scientific work of Professor Willson has been published by his asso- 
ciate and successor at Harvard University, Professor H. T. Stetson.* 
The death of Professor Willson occurred only a few weeks before 


1 Lieutenant, Engineering Division, Army Air Service, Dayton, Ohio. 
2 Closure to discussion. 
3 Popular Astronomy, vol. 31, pp. 1-5, Feb., 1923. 
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the annual meeting of the Society at which this paper was given. 
He had expected to be present, and was perfecting an experimental 
model of the “‘keel-speed indicator’ for demonstration at the meet- 
ing in connection with Pars. 59-68 on dead reckoning above the 
clouds. 

The writer is in substantial agreement with all suggestions offered 
in the accompanying discussion, which forms a valuable record of 
information and experience, especially when taken in conjunction 
with the discussion of aeronautic instruments at the St. Louis meet- 
ing of the Society.! 

In addition to the fog-prevention methods cited by Mr. Warner, 
mention may be made of Professor W. D. Bancroft’s scheme for 
precipitation over limited areas (e.g., landing fields) by scattering 
electrically charged sand from an airplane. 

Lieutenant Hegenberger’s reference to the practical difficulties of 
navigation under all but the most favorable weather conditions 
serves to remind us of the fact that navigation is an art as well as a 
science. Instrument developments alone are insufficient: there 
must also be extensive training and experience in the art, or knack, 
of using instruments to the best advantage, a matter which has 
doubtless received more attention abroad than it has, until recently, 
in this country. If a paper could be published giving the results 
of such experience it would be of very great help at this stage, not 
only for reference by practical navigators but also by laboratory 
investigators who are seeking to develop instruments as closely 
adapted as possible to actual conditions which will be encountered 
in the air. 


1 Trans. A.S.M.E., vol. 42 (1920), pp. 85-118. 
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RESEARCH REPORT 


PROGRESS REPORT ON THE PRESENT STATUS AND 
FUTURE PROBLEMS OF THE ART OF CUTTING METALS 


This report places before the members of the Society a résumé of all the 
most important known data relating to the cutting of metals which have 
been developed up to 1923. It covers (a) design of cutting tools, including 
form of cutting edge and size and proportion of tool body, (b) materials for 
cutting tools, (c) materials used in testing cutting tools, (d) lubricating 
and cutting fluids, (e) historical review, and (f) problems for future 
solution. 

The Special Research Committee on the Cutting and Forming of Metals 
which prepared this report was organized in September, 1923, by the 
A.8.M.E. Research Committee. Its purpose is not to carry on research of 
this character, but to foster such research and to act as a clearing house 
for all information on this subject. 

Before the committee devoted its attention to the solution of any of the 
problems confronting it, a general discussion of the subject seemed to be 
desirable. It accordingly negotiated with the officers of the A.S.M.E. 
Machine Shop Division and it was decided that a Progress Report on the 
Present Status and Future Problems of the Art of Cutting Metals should 
be prepared by this committee and presented at the Machine Shop Session 
of the Annual Meeting in December, 1923. The report was reprinted in the 
January, 1924, issue of Mechanical Engineering. 


PROPERTIES OF STEAM AND THE EXTENSION OF 
THE STEAM TABLES 


The Special Research Committee in charge of this research presented its 
annual progress report to the Society at the Annual Meeting in December, 
1923. This was published in the February, 1924, issue of Mechanical 
Engineering. It consists of (a) Report on the Joule-Thomson Effect, 
by Harvey M. Davis and R. V. Kleinschmidt of Harvard University; 
(b) Description of method by which the pressure, volume, and tempera- 
ture relations for saturated and superheated steam were measured, by 
Frederick G. Keyes, of Massachusetts Institute of Technology; and (c) De- 
sign and operation of the special calorimeter, by N. §. Osborne, of the 
Bureau of Standards. ; 

The progress reports covering the work of the committee during 1922 
were published in the March, 1923, issue of Mechanical Engineering. 


POWER TEST CODES 


Five sections of the Power Test Codes of 1923 were completed in the 
year 1923. The procedure which the Main Committee on Power Test 
Codes has developed for the formation of these codes is long and detailed. 
But the committee feels that the importance of the task assigned to it justi- 
fies making sure that the new series of test codes have the approval of the 
Society’s members in each field before they are finally issued in pamphlet 
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form. During the year 1923 the codes listed below were completed according 
to this procedure: 


Test Code for Stationary Steam Boilers, Edwards R. Fish, Chairman 
of Committee. Tentative draft printed in January, 1921, issue 
of Mechanical Engineering. 

Test Code for Evaporating Apparatus, Edward N. Trump, Chairman 
of Committee. Tentative draft printed in March, 1921, issue 
of Mechanical Engineering. 

Test Code for Locomotives, Prof. John M. Snodgrass, Chairman of 
Committee. Tentative draft printed in October, 1923, issue of 
Mechanical Engineering. 

Test Code for Internal-Combustion Engines, Prof. Charles E. Lucke, 
Chairman of Committee. Tentative draft printed in March, 1923, 
issue of Mechanical Engineering. 

Code on Instruments and Apparatus: Chapter 1, General Considera- 
tions, and Chapter 2, Accuracy of Measuring Instruments, Clarence 
F. Hirshfeld, Chairman of Committee. Tentative draft printed in 
February, 1923, issue of Mechanical Engineering. 


These five sections are being formally presented to the A.S.M.E. Council 
for approval and adoption as standard practices of the Society, after which 
they will be printed in pamphlet form. 

Separate pamphlet copies of the Codes on General Instructions, Recip- 
rocating Steam Engines, and Hydraulic Power Plants and their Equipment 
were made available to the membership during the year. 


STANDARDIZATION 


TRANSMISSION CHAINS AND SPROCKETS 


The Joint Committee organized by the S.A.E. and A.S.M.E. in 1917 
practically completed its work with the report on Revised Tooth Form, 
Space and Straddle Cutters for Sprocket Teeth and Roller Chain Nomen- 
clature, which was published in the August, 1923, issue of Mechanical 
Engineering. In all probability this joint committee will be reorganized 
in 1924 as a Sectional Committee under the procedure of the American 
Engineering Standards Committee. 


SHAFTING 


The first of the three reports of the Sectional Committee on the Standardi- 
zation of Shafting was published in the November, 1923, issue of Mechanical 
Engineering. This report covered standards for cold-finished shafting under 
the following four heads: (a) Standard Diameters for Cold-Finished Trans- 
mission Shafting, (6) Standard Diameters for Cold-Finished Machinery 
Shafting, (c) Standard Tolerances for Diameters of Cold-Finished Trans- 
mission and Machinery Shafting, and (d) Standard Stock Lengths for Cold- 
Finished Shafting. 


PLAIN LIMIT GAGES 
Standard Tolerances and Allowances for Machined Fits in Interchange- 
able Manufacture is the subject of the first report completed by the Sec- 
tional Committee on Plain Limit Gages for General Engineering Work. 
This set of standards was completed in the spring of 1923 and printed in 
abstract in the December, 1923, issue of Mechanical Engineering. 


SCREW THREADS 


In June of the present year the much-desired report of the Sectional 
Committee on the Standardization and Unification of Screw Threads was 
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presented to the S.A.E. and the A.S.M.E. as sponsor bodies. This report 
was printed in abstract form in the August, 1923, issue of Mechanical 
Engineering. It is based on the Progress Report of the National Screw 
Thread Commission. The modifications which the Sectional Committee 


found it necessary to make were satisfactory to the Commission and were 
adopted by it. 


CARRIAGE-BOLT HEADS 


The first standard to be submitted to the Sponsors by the Sectional Com- 
mittee on the Standardization of Bolt, Nut, and Rivet Proportions is the 
series of five ‘‘carriage’’ bolt heads. These are designated as (1) Regular 
Carriage-Bolt Head, (2) Button-Head Carriage-Bolt Head, (3) Fin-Neck 
Carriage-Bolt Head, (4) Ribbed Carriage-Bolt Head, and (5) Step-Bolt 
Head. The complete report on this standard appeared in the December, 
1923, issue of Mechanical Engineering. . 

The Society is joint sponsor with the Society of Automotive Engineers for 
this project which is being carried forward by eight sub-committees. 


SAFETY CODES 
MECHANICAL POWER-TRANSMISSION APPARATUS 


This year recorded also the completion of one important safety code by a 
sectional committee for which the Society is joint sponsor. This is the 
Safety Code for Mechanical Power-Transmission Apparatus, 2 code which 
provides standard rules for guarding prime movers, intermediate equipment, 
and driven machines. An abstract of this code appeared in the June, 1923, 
issue of Mechanical Engineering, and in July it was approved by the A.E.S.C. 
as a Tentative American Standard. 

The Sectional Committee which drafted this safety code is sponsored by 
the National Bureau of Casualty and Surety Underwriters, the International 
Association of Industrial Accident Boards and Commissions, and The 
American Society of Mechanical Engineers. 
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NECROLOGY 


HOWARD ELLSWORTH ADT 


Howard Ellsworth Adt, president of the Geometric Tool Co., New Haven, 
Conn., died very suddenly on October 14, 1923. Mr. Adt was born on June 
18, 1862, in Haydenville, Mass. He was educated in the public schools of 
Torrington. In early life he took up the study of medicine with the idea 
of specializing in surgery but he was persuaded to enter the business field, 
and in 1879 started work with John Adt & Son, New Haven. 

He became very proficient in the design of special wirework and in 1880 
became general designer and construction superintendent of the company. 
Ten years later he became general manager of the firm. 

In 1895 Mr. Adt founded the Geometric Tool Co., of which he was president 
and treasurer. It was one of the largest concerns of its kind in Connecticut. 
He was also treasurer of the Bellis Heat Treating Co., a director of the 
First National Bank of New Haven, of the Morris Plan Bank, the Greist 
Manufacturing Co., and of the English & Mersick Co. 

Mr. Adt was a member of the New Haven Chamber of Commerce and 
was very much interested in civic affairs, serving on many committees in 
that connection. He became a member of the Society in 1919. He belonged 
to the Union League and Quinnipiac Clubs of New Haven and to the 
masonic fraternity. 

The New Haven Branch of the Connecticut Section of the Society at its 
regular monthly meeting passed formal resolutions of sympathy on the 
death of Mr. Adt, a former officer of the Section. 


JOSEPH HYDE AMES 


Joseph Hyde Ames, chief engineer of the American Car & Foundry Co., 
died suddenly in Chicago on October 11, 1923. Mr. Ames was born on 
March 22, 1865, in Brimfield, Mass., and received his early education at 
Kings School, Stamford, Conn. He started his professional career with the 
Northern Pacific Railway at St. Paul. In 1885 he entered the employ of 
the Peninsular Car Co., Detroit, as draftsman and estimator, later being 
made assistant superintendent. 

When the Michigan-Peninsular Car Co. was formed in 1892, Mr. Ames 
was placed in charge of the engineering work and later became assistant 
general manager. In 1899, upon the formation of the American Car & 
Foundry Co., he was advanced to the position of mechanical superintendent 
of the two Detroit plants. Six years later he became chief engineer of the 
company in charge of improvements to plants and machinery with head- 
quarters for some years at St. Louis and later at Chicago. During the 
War Mr. Ames supervised all engineering work on war contracts at the 
Detroit plant. After 1919 his headquarters were in New York City. He 
was widely known as an engineer and was considered an authority on car 
design and manufacturing equipment. : 

Mr. Ames became a member of the Society in 1898. He was also a 
member of the American Society for Steel Treating, the Army Ordnance 
Association, the Navy League, the Lawyers’ Club of New York, the Chicago 
Engineers’ Club, Old Colony Club, and the Massachusetts Society of 
Mayflower Descendants. 
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ARTHUR H. ANDERSON 


Arthur H. Anderson, professor of steam and gas engineering at the 
University of Wisconsin, died on September 1, 1923. Professor Anderson 
was born in October, 1875, in Chicago, Ill. He was educated in Chicago 
schools and was graduated from the Armour Institute of Technology in 
1902 with the degree of M.E. 

The following year he worked in the gas-engine department of Fair- 
banks, Morse & Co., Beloit, Wis., and then became connected with the 
Sargent Steam Meter Co., Chicago. In 1905 he became assistant pro- 
fessor of mechanical engineering in the Armour Institute of Technology, 
where he was located for thirteen years, resigning at the end of that period 
to follow his profession. In 1920 he joined the engineering faculty at the 
University of Wisconsin, where he worked continuously until March, 1923, 
when he was forced to resign because of failing health. Professor Anderson 
became a member of the Society in 1914. 


GEORGE HENRY BAYNE 


George Henry Bayne, consulting engineer with the Emerson & Morgan 
Coal Mining Corporation, New York City, died on September 5, 1923. 
Mr. Bayne was born on January 29, 1881, in Baltimore, Md. He was 
prepared for college in St. Paul’s School and Princeton Preparatory School, 
and then attended Cornell University, from which he was graduated in 1904 
with the degree of M.E. 

From 1904 to 1908 he was connected with the following firms: the 
Bulkly Condenser Co., Carey, Bayne & Smith Co., and Fleitmann & Co., 
all of New York. In 1908 he became assistant to the general sales agent 
of the Pennsylvania Coal & Coke Corporation, New York. Later he acted 
as consulting engineer for the Watkins Coal Co., and Albert A. Carey, of 
New York. In 1917 Mr. Bayne was commissioned a captain in the progress 
section of the Ordnance Department of the United States Army. Upon 
returning to civilian life in 1918 he became fuel expert with the Pennsyl- 
_ vania Coal & Coke Corporation. From 1920 to 1922 he was inspector-in- 
chief for the Tidewater Coal Exchange, Inc., then becoming associated as 
consulting engineer with the Emerson Coal Mining Corporation, New 
York, where he was located at the time of his death. Mr. Bayne became a 
member of the Society in 1911. 


GEORGE BEADENKOPF 


George Beadenkopf, chief engineer, gas operations, Consolidated Gas, 
Electric Light & Power Co. of Baltimore, Md., died on December 25, 1923. 
Mr. Beadenkopf was born in October, 1857, in Baltimore. He attended 
Baltimore City College, Maryland Institute, and Johns Hopkins University, 
at which latter institution he took special courses in chemistry. 

In 1878 he entered the engineering department of the Consumers’ Mutual 
Gas Light Co. in a minor capacity. He became assistant engineer of the 
Consolidated Gas Co. in 1883, continuing in that capacity until 1902, when 
he became chief engineer of the present concern, a position which he held 
until his death. 

Mr. Beadenkopf’s life and work were interwoven with every phase of the 
planning, construction, and operation of Baltimore’s gas system, and the 
present plants and distribution system of that city are his work. 

Mr. Beadenkopf became a member of the Society in 1912 and was one of 
the charter members of the Baltimore Section. 
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‘JOHN VAN VORST BOORAEM 


John Van Vorst Booraem, consulting engineer and sugar manufacturer, 
died on May 24, 1923. Mr. Booraem was born on October 31, 1838, in 
Jersey City, N. J. From 1849 to 1854 he studied in France and Germany 
with a view to entering his father’s silk-importing business. At the end of 
that period, however, he entered the Polytechnic Institute of Carlsruhe, 
Baden, from which he received his M.E. degree in 1859. 

After six months’ post-graduate work he returned to the United States 
and started work in McLeod’s Steam Engine Works, Brooklyn, N. Y., as 
helper. He soon became a draftsman and two years later head draftsman 
with control over several departments. He aided in enlarging the plant and 
assisted in the construction of much new machinery for turning out Govern- 
ment contracts during the Civil War. After the war when a depression 
came in marine engineering, Mr. Booraem entered the employ of the 
Decastro & Donner Sugar Refining Co. and took charge of construction 
plans for a new refinery and of its erection and machinery. Upon the com- 
pletion of this plant in 1872 he was made superintendent of the works, 
which were subsequently tripled in size under his supervision. 

In 1882, when one of the Havermeyer & Elder factories was burned and 
the largest sugar refinery in the world built in its place, Mr. Booraem was 
called in as an expert to remedy an improper mounting of the centrifugals, 
which was completely stalling the entire plant and baffling everyone. 
After considerable readjustment, Mr. Booraem sucessfully overcame the 
trouble and was given charge of the mechanical department, while still 
retaining his position in the old concern. Shortly after the formation of 
the American Sugar Refining Co. he was made consulting engineer of the 
manufacturing committee and held this office for nearly ten years, meeting 
in weekly consultations until his resignation in 1898. 

Mr. Booraem patented improved methods of washing sugar, pumping 
semi-solids, and washing clay deposits from light bodies, besides other in- 
ventions used by cube- and domino-sugar manufacturers. In 1906 he pub- 
lished a monograph entitled Internal Energy, a method proposed for the 
calculation of energy stored within matter. 

Mr. Booraem was a life member of our Society, joining the organization 
in 1884. He was also a member of the American Chemical Society. 


JAMES F. BOURQUIN 


James F.,Bourquin, vice-president in charge of manufacturing of the 
Continental Motors Co., Detroit, Mich., died on July 1, 1923. Mr. Bourquin 
was born on April 9, 1878, in Romulus, Mich. He received his early educa- 
tion in the schools of Detroit and then entered the University of Michigan, 
from which he was graduated in 1904 as a mechanical engineer. 

He was employed first by the Olds Motor Works, Lansing, Mich., in 
experimental shop work, and then by the Chalmers Motor Car Co. in pro- 
duction work. Upon the reorganization of the Paige Motor Car Co. 
in 1910 he became its general manager, resigning five years later to aid 
in the formation of the Liberty Motor Car Co., of which he became vice- 
president. 

When the United States entered the war Mr. Bourquin was called to 
Washington to handle the production work on government trucks, and it 
was during his period of service there that the class B army truck was 
turned out. Upon his return to Detroit he became actively associated with 
the Continental Motors Co., with which he was assoziated at the time of 
his death. ’ 

Mr. Bourquin was elected a junior member of the Society in 1907 and 
in 1914 was advanced to the grade of member. He belonged also to the 
Society of Automotive Engineers. He was a member of the masonic order. 
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WARD J. BOWER . 


Ward J. Bower, employed with the Goodyear Rubber Co., Akron, Ohio, 
died on December 7, 1923. Mr. Bower.was borr. on September 18, 1884, 
in Warsaw, Ohio, where he received his early education. Later he attended 
the Case School of Applied Science, from which he received the degree of 
B.S. in 1909. 

He was first employed by the Republic Iron & Steel Co., South Chicago, 
Ill., and then became master mechanic in the blast-furnace department of 
the Inland Steel Co., Indiana Harbor, Ind. During the war Mr. Bower 
served the U.S. Government in the Ordnance Department. After the war 
he accepted a position as general master mechanic with the Utah Steel 
Corporation and was with that concern for several years when he left to 
become connected with the Goodyear Rubber Co. 

Mr. Bower became a junior member of the Society in 1913. He belonged 
to the masonic order. 


CHARLES H. BRINTZINGER 


Charles H. Brintzinger, appraisal engineer with the American Appraisal 
Co., Milwaukee, Wis., died May 17, 1923. Mr. Brintzinger was born on 
February 9, 1877, in Philadelphia, Pa., where he attended the grammar and 
high schools. 

He served his apprenticeship with the Baldwin Locomotive Works from 
1892 to 1896 and then became connected with the National Electric Co., 
Milwaukee, Wis. In 1900 he took charge of the maintenance on electric 
motors and cranes in the erecting and the blacksmith shop of the Allis- 
Chalmers Co., Milwaukee. Three years later he resigned to enter the 
Johnston Service Co., in the same city, to do experimental work on 
thermostatic heat-regulating systems. From 1905 to 1909 Mr. Brintzinger 
was installing engineer on air compressors and vacuum pumps for the 
American Air Cleaning Co. For the last thirteen years he was associated 
with the American Appraisal Co., as appraisal engineer, submitting valua- 
tions on manufacturing plants of every description. 

Mr. Brintzinger became an associate-member of the Society in 1919. 


JOHN A. BRITTON 


John A. Britton, vice-president and general manager of the Pacific Gas 
& Electric Co., San Francisco, Cal., died on June 29, 1923. Mr. Britton 
had a national reputation in the gas and electric industry and was affec- 
tionately regarded by all of the fraternity as the ‘‘Dean of the Electrical 
Industry.”’ 

He was born on October 9, 1855, in Boston, Mass. He attended the 
public schools of Roxbury until he was thirteen years of age, when he moved 
with his family to San Francisco, continuing his education at the old Lin- 
coln grammar school. A year later he left school to help in the support 
of the family, and at the age of nineteen he entered the gas business as 
a collector and meter reader. Shortly after that he began the study of 
electricity. 

For many years Mr. Britton was employed by the Oakland Gas, Light 
& Heat Co., for which he designed the first electrical plant in Oakland. 
He also designed and installed their first high-pressure gas-distribution 
system and for fifteen years was engineer of their gas and electric depart- 
ments, having supervision of all construction work and being in charge of 
the daily operation of plants. 

In 1905, when the Pacific Gas & Electric Co. was formed, Mr. Britton 
became its first president, serving until 1908, when, at his own request, he 
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was made vice-president and general manager and as such directed the 
oe oe of this public-utility company, one of the largest in the United 
tates. 

Mr. Britton was a man of wide interests. He was active in educational 
work and had served as a regent of the University of California since 1903. 
His technical affiliations were many. He became a member of our Society 
in 1907. He was also a member of the American Institute of Electrical 
Engineers, an affiliate of the American Society of Civil Engineers, and 
vice-president of the National Electric Light Association. He belonged 
to several fraternal organizations, was a member of the Scottish Rite, a 
Knight Templar, Shriner and 33d degree Mason. 

During the War Mr. Britton was chairman of the San Francisco chapter 
of the American Red Cross, and a member of the executive committee of 
the Liberty Loan Board and chairman of its general publicity committee. 
He was a director of the Panama-Pacific International Exposition. He was 
active in the work of the Boy Scouts and various philanthropic and char- 
itable organizations. 


WALTER BROWN 


Walter Brown, general manager of the manufacturing department of 
the National Electric Products Corporation, Evansville, Ind., died on 
May 18, 1923. Mr. Brown was born on December 15, 1862, in Toledo, 
Ohio, where he received his early education. 

His first employment was in the packing business in Toledo and later 
in Chicago. From 1894 to 1904 he served as secretary and general manager 
of the National Manufacturing Co., Elkhart, Ind., a concern which he 
organized for the manufacture of automatic bag machinery. For some 
years he was occupied in the development of the Elkhart Power Co., of 
which he was president and general manager. In 1910 he became sales 
manager for the Elkhart Manufacturing Co., where he was located for 
four years when he became associated with the Webster Electric Co., 
Racine, Wis., as vice-president and general manager in charge of the de- 
velopment of new lines of ignition. Early in 1922 Mr. Brown organized 
and incorporated the National Electric Products Corporation at Evans- 
ville, Ind., and at the time of his death held the position of general manager 
in charge of their manufacturing department. 

Mr. Brown became a member of the Society in 1918. 


, CHARLES BROWNING, Jr. 


Charles Browning, Jr., head of the testing laboratory, Sacramento, Cal., 
of the Southern Pacific Railroad, died on January 13, 1923. Mr. Browning 
was born in Chatham, N. Y., on March 22, 1865. He was graduated from 
Cornell University in 1887 with the degree of M.E. 

Immediately upon graduation he entered the employ of the Southern 
Pacific Railroad, Sacramento, Cal., as an apprentice. From 1887 to 1892 
he served as locomotive fireman and engineer, and was then promoted to 
the position of assistant engineer of tests. In 1905 he became chief of the 
testing laboratory, with direct supervision over all chemical and mechanical 
testing for the Southern Pacific System. 

Mr. Browning’s inventive genius shows in the ‘‘wheel tester’’ which he 
patented and which was designed to detect cracked and worn flanges in 
made-up trains. He also patented a viscosimeter which gives the absolute 
viscosity value for any oil. He was the author of several articles dealing 
with his work and published in various railroad papers. He was also the 
author of a book of poems entitled My Sacramento. 

Mr. Browning became a member of the Society in 1905. He belonged 
also to a local chemists’ club, the Cornell Club and to the Brotherhood of 
Locomotive Firemen and Enginemen. 
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F. L. BUNTON 


F. L. Bunton, district manager of the Chicago office of the Heine Boiler 
Co., died on October 4, 1923. Mr. Bunton was born in August, 1868, in 
Elmira, Il. He was graduated from the University of Illinois in 1891 with 
the degree of B.S., and then entered the employ of the Chicago & North- 
western Railroad where he served his apprenticeship. 

He then became connected with the Hercules Ice Machine Co., Aurora, 
Ill., as erecting engineer. When this company was absorbed by the Allis- 
Chalmers Co., Mr. Bunton became district manager of the New York and 
Philadelphia offices of the Milwaukee Electric Co. Later he was connected 
with A. L. Ide & Sons as district manager of their Philadelphia office and 
then held a similar position with the Allis-Chalmers Co. He was transferred 
from the Philadelphia office of this company to the St. Louis office. He 
resigned from this firm to become district manager of the Chicago office 
of the Heine Boiler Co. 

Mr. Bunton became a member of the Society in 1914. 


EDWIN A. BURNSIDE 


Captain Edwin A. Burnside, a licensed master of steam vessels and 
associated for forty years with the Campbells Creek Coal Co., Cincinnati, 
Ohio, the last twenty of which he was manager of transportation and con- 
struction engineer of the marine department, was drowned on March 16, 
1922, when the steamer Helper capsized during a flood. 

Captain Burnside was born on May 17, 1864, in Middleport, Ohio, where 
he was educated. He devoted practically his entire lifetime to the matter 
of river navigation and was credited with much success in aiding to secure the 
present system of locks and dams on the Ohio and Great Kanawha Rivers, 
thus providing all-year water transportation of coal from the great coal 
fields of Pennsylvania and West Virginia to the markets at Cincinnati and 
other down-river shipping points. He was considered the ranking authority 
on river navigation in the Ohio valley. 

Many years of Captain Burnside’s life were also devoted to the design, 
development and construction of improved steamboats and steam engines 
for western river navigation, and he was an early advocate of all-steel 
construction and compound-condensing engines for steamboats. He con- 
tributed many articles to the Marine Review, Waterways Journal, and other 
national publications relating to water transportation. 

Captain Burnside became a member of the Society in 1921. He belonged 
also to the Society of Naval Architects and Engineers, the Cincinnati 
Chamber of Commerce, the American Historical Society, the National 
Geographic Society, and National Board of Steam Navigation. He was 
also one of the founders of the Naval Historical Society. 


CHARLES CROOKER BUSSEY 


Charles Crooker Bussey of the Bussey Process Co., New York, N. Y., 
died on August 29, 1923. Mr. Bussey was born on January 16, 1866, in 
‘ Newburgh, Me. He received his early education in the local schools and 
Bucksport Seminary, with intervals of work on farm and sea. At the age 
of eighteen he became a second mate. 

From 1885 to 1889 he served his apprenticeship with the Walworth 
Manufacturing Co., Boston, Mass. He soon showed marked ability in 
scientific research and at the age of twenty-four he started on special studies 
in the Massachusetts Institute of Technology. Soon afterward he entered 
the foundry business and was later associated with the Worthington Pump 
Co., and the Rand Drill Co., with whom he remained for a number of years. 
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In 1908 he became president of the Coal By-Products Corporation of 
America. 

Mr. Bussey’s inventions constituted a great economic advance in the 
method of low-temperature distillation of coals in the production of oils, 
coke distillates, and gas from bituminous coals, cannels, lignites and oil 
shales. After many years of experimenting, Mr. Bussey succeeded in bring- 
ing the process to a successful commercialization just prior to his death. 

Mr. Bussey became an associate of the Society in 1918. 


JAMES M. CARPENTER 


James M. Carpenter, president of the J. M. Carpenter Tap & Die Co., 
Pawtucket, R.I., died on January 24, 1923, in Cumberland, R. I. 
Mr. Carpenter was born on March 28, 1838, in Cumberland, R. I., where 
he received his early education. 

From 1853 to 1856 he served an apprenticeship as machinist and tool 
maker in Arnold’s Machine Shop, Pawtucket, R.I. His shop experience 
was gained as journeyman machinist with the Corliss Engine Co., the 
Brown & Sharpe Manufacturing Co., and the Florence Sewing Machine 
Co., all of Providence, R.I. During the Civil War he worked for the 
Burnside Rifle Works. In 1870 he organized the J. M. Carpenter Tap & 
Die Co., becoming president, treasurer, and general manager of the 
concern, and was actively connected with this organization up to the time 
of his death. 

Mr. Carpenter became a member of the Society in 1907. He was for 
many years a member of the Pawtucket Business Men’s Association. He 
belonged also to the masonic order. 


HARVEY B. CHESS, Jr. 


Harvey B. Chess, Jr., president and treasurer of the Consolidated 
Expanded Metal Companies, Braddock, Pa., died on March 30, 1923. 
Mr. Chess was born on April 12, 1883, in Pittsburgh, Pa., where he attended 
the public schools. He prepared for college at the Shadyside Academy of 
Pittsburgh and then entered the University of Western Pennsylvania, now 
the University of Pittsburgh. He finished his collegiate work at the Uni- 
versity of Vermont, where he received his degree in mechanical engineering. 

He obtained his early shop experience in the plant of the Consolidated 
Expanded Metal Companies, Rankine, Pa., which was organized in 1908 
and owned by his family. He served this company in various capacities 
until 1914, when he was made president and treasurer, which position he 
occupied until his death. Mr. Chess was associated with his father in the 
development of the earliest machinery for expanded metal lath manufac- 
turing and personally supervised the work necessary for its progressive 
advancement. 

Mr. Chess became a junior member of the Society in 1909 and was 
advanced to the grade of associate member in 1914. He belonged also to 
the Engineering Society of Western Pennsylvania, the Pittsburgh Chamber 
of Commerce, the Sons of the American Revolution and the Sons of the 
Signers of the Declaration of Independence, as well as to several social 
clubs. During the war he served in the Engineers’ Corps of the U.S. Army. 


CHARLES COLAHAN 


Charles Colahan, inventor and mechanical engineer and a member of the 
Society since 1890, died at his home in Stockton, Cal., in September, 1923. 
Mr. Colahan was born on October 31, 1836, in Cleveland, Ohio, where he 
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received his early education. Later he was graduated from Child’s English 
and Classical Institute. 

Mr. Colahan had a thorough and practical experience as bookkeeper and 
accountant as well as buyer and salesman. For a number of years he 
acted as representative of New York wholesale importers throughout 
the middle and western states. He then organized and established the 
White Line Transportation Co., which was known as Colahan’s Express & 
Fast Freight Line on the N. Y. Central road. Under Thomas A. Scott’s 
supervision he opened the Allentown Line on the Pennsylvania road. 

For fifteen years Mr. Colahan was associated with Cyrus H. McCormick 
as personal adviser in the construction and operation of harvesting machin- 
ery and automatic grain binders. He also had wide experience in inventing 
and adapting mechanical devices to various practical uses, and in this 
connection worked with Younglove, Massy & Co., Cleveland, Ohio, the 
Peekskill Plow Works, New York, N. Y., C. Aultman & Co., Canton, Ohio, 
and Aultman, Miller & Co., Akron, Ohio. 

As advisory attorney and counsel to various large manufacturing con- 
cerns, Mr. Colahan investigated and examined into questions involving 
the mechanic arts and legal points relating to patentable features of 
mechanical devices, specializing in automatic grain binders and harvesting 
machinery. He was actively interested in this work up to some months 
before his death, when his health failed and he was forced to retire. 
Mr. Colahan was considered an authority in his line of work and in his death 
the country loses a man who did much for agriculture throughout the land. 


FRANCIS J. COLE 


Francis J. Cole, until recently chief consulting engineer of the American 
Locomotive Co., New York, N. Y., died on January 11, 1923, at his home 
in Pasadena, Cal. Mr. Cole was born in Rumsey, England, on May 6, 1856. 
His parents came to this country while he was sti!l a child and settled on 
a farm in Virginia. 

Farming made no appeal to the boy and he became a machine apprentice 
in the Mount Royal Shops of the Northern Central Railroad, Baltimore, 
Md. After serving his time he accepted a position as draftsman under 
W. H. Harrison with the Baltimore & Ohio Railroad at Newark, Ohio. He 
left that line to become a draftsman with the West Shore Railroad at 
Frankfort, N. Y., but returned after a short period to the B. & O. in Newark 
to accept the position of chief draftsman. A little later he was transferred 
to the Mount Clare, W. Va., shops of the company as chief draftsman. 
In 1890 Mr. Cole was appointed mechanical engineer in charge of the design 
of all mechanical equipment, including cars and locomotives, for the B. & O. 
In 1896 he resigned from this position to become mechanical engineer of 
the Rogers Locomotive Works, Paterson, N.J. These works were closed 
temporarily in 1899 and Mr. Cole accepted the position of assistant me- 
chanical engineer of the Schenectady Locomotive Works. Later, when the 
American Locomotive Co. was formed, he became assistant to J. E. Sague, 
mechanical engineer of the company. When Mr. Sague became assistant 
vice-president he appointed Mr. Cole mechanical engineer, which position he 
held until later in life, when, wishing to be relieved of some of the arduous 
duties, he was appointed chief consulting engineer. This position he 
retained until his retirement in 1922. ' 

During his connection with the American Locomotive Co. Mr. Cole was 
a leading factor in standardizing the locomotive designs and methods of 
the different plants which were organized under one management to form 
this corporation. He took a prominent part in the adoption of the super- 
heater. His work on ‘‘boiler ratios” was a radical departure from former 
methods and today they are universally used. 

Mr. Cole became a member of our Society in 1888. He was also a member 
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of the American Society for Testing Materials, the Society of Automotive 
Engineers, the Society for the Advancement of Science, the Franklin 
Institute, the American Academy of Political and Social Science, the 
Engineers’ Club of New York, and the American Railway Association. 


W. WALLACE CORE 


W. Wallace Core, mechanical expert with the Borden Co., New York 
City, died on August 3, 1923. Mr. Core was born on January 11, 1878, 
in Washington, D.C. He started his technical education at the Worcester 
Polytechnic Institute and later completed it with International Corre- 
spondence School courses. 

He served his apprenticeship with the Brown Hoisting & Conveying Co., 
Cleveland, Ohio, and the Baldwin Locomotive Works, Philadelphia, Pa. 
Afterwards he was associated for various periods with the Pennsylvania 
Coal Co., the New York Edison Co., the New Jersey Bridge Co. and the 
Monad Engineering Co. From 1905 to 1908 he had charge of the con- 
struction of pleasure machinery at Steeplechase Park, Coney Island. In 
1909 he became connected with the Lidgerwood Hoisting Machine Co., 
in their estimating department, and a little later became superintendent 
of the James E. Robinson Co. From 1910 to 1918 Mr. Core was in con- 
sulting business for himself and at the end of that time became mechanical 
expert for the Borden Co., dealers in milk products. 

Mr. Core became a junior member of the Society in 1907 and in 1914 
ree advanced to the grade of membership. He belonged to the masonic 
order. 


JOSEPH V. CREEHOSKI 


Joseph V. Creehoski, in charge of the engineering department of the 
Commonwealth Water Co., Summit, N. J., died on March 18, 1923. Mr. 
Creehoski was born on March 18, 1900, in Jersey City, N. J. Upon com- 
pleting a mechanical course at the East Side High School in Newark, N. J., 
in June, 1916, he entered the drafting room of the General Electric Co., 
continuing his studies at the Newark Technical School, where he was 
enrolled in the June, 1923, class of mechanical engineering. 

In 1917 he entered the employ of the Charms Co., Newark, as assistant 
to the supervising engineer on the installation of the dehumidifying system. 
Three years later he became associated with the Commonwealth Water Co., 
where his duties consisted of preparing plans and specifications for improve- 
ment work in connection with the installation of water mains, fire hydrants, 
house connections, etc. 

Mr. Creehoski became a junior member of the Society in 1921. 


WALTER MOLBRAY CURTIS 


Walter Molbray Curtis, consulting engineer with the Leominster Shell 
Goods Manufacturing Co., Leominster, Mass., died on November 24, 1923. 
Mr. Curtis was born on October 14, 1879, in Whitman, Mass. He was 
educated in Massachusetts schools and was graduated from the Massa- 
chusetts Institute of Technology in 1901 with the degree of B.S. 

Upon graduation he started work as detail draftsman with the Crosby 
Steam Gage & Draft Co., Charlestown, Mass., and a year later became 
head designing draftsman. From 1905 to 1907 he served as instructor in 
mechanical engineering in Union College, Schenectady, N. Y., then becom- 
ing assistant professor of mechanical engineering at the University of Maine. 
Four years later Mr. Curtis became a member of the firm of the New 
England Audit Co., and manager of the engineering department. He 
resigned from this position in 1914 to become consulting engineer with the 
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Fiberloid Corporation, accepting, in 1922, in addition to his duties in this 
position, the treasurership of a subsidiary concern, the Yale Novelty Co. 
Upon the sale of this company, Mr. Curtis became consulting engineer 
with the Leominster Shell Goods Co., where he was located at the time of 
his death. 

Mr. Curtis became a member of the Society in 1912. He belonged to 
the masonic fraternity, was a Shriner, and was also a member of several 
social clubs and organizations. 


CLARENCE ELBERT DEPUY 


Clarence E. DePuy, professor of mechanical engineering at Lewis 
Institute, died on August 28, 1923. Professor DePuy was born on March 11, 
1863, in Jackson, Mich., where he received his early education. After 
being graduated from high school he worked for five years in the Dennis 
Machine Shop of Jackson and then entered Cornell University. He 
finished his course at the University of Michigan, receiving the degree 
of B.S. in 1891. 

In that same year he became a teacher in the Chicago Manual Training 
School. Five years later he became associated with the Lewis Institute 
as head of the mechanical department. 

Professor DePuy took a prominent part in the civic activities of Oak 
Park, where he resided. He became a junior member of our Society in 
1891 and in 1903 was advanced to full membership. He was also a member 
of the American Society of Steel Treaters and the Society of Automotive 
Engineers. 


HARRY EARL DEWEY 


Harry E. Dewey, sales engineer with the Canadian Branch of Allis- 
Chalmers, Ltd., died on May 22, 1922, in Montreal, Que., Canada. 
Mr. Dewey was born on May 7, 1878, in Ravenna, Ohio, where he received 
his early education. Later he attended Case School of Applied Science 
from which he was graduated in 1906 with the degree of B.S. 

Before entering college Mr. Dewey served an apprenticeship as a 
mechanic. Upon being graduated he took charge of the outside erection 
of refrigerating units. For three years he served as a traveling expert 
Overseeing the original installation of locomotive devices. From 1912 to 
1915 Mr. Dewey worked on the setting of the lock-operating machinery 
on the Panama Canal. From 1915 to 1917 he had full charge of the instal- 
lation of producer-gas and foundry equipment. He was for a short period 
associated as salesman with the Smith Gas Engineering Co., Dayton, 
Ohio, and at the time of his death held a similar position with the Canadian 
Branch of Allis Chalmers, Ltd. 

Mr. Dewey became an associate member of the Society in 1920. He 
belonged to the masonic order. 


HORACE G. DIMICK 


Horace Greeley Dimick, vice-president and chief engineer of the O’ Keefe- 
Orbison Engineering & Construction Co., Appleton, Wis., died suddenly 
on December 18, 1923. Mr. Dimick was born on May 18, 1868, in Berlin- 
ville, Ohio. He was graduated from the Western Reserve Normal School 
of Milan, Ohio, in 1888. Later he supplemented this training by study in 
electrical, mechanical and civil engineering. 

In 1889 he went to Chicago to enter the employ of the Western Electric 
Co. He remained with that concern until 1905, working through many 
different departments, and then left to become associated with the O’Keefe- 
Orbison Engineering & Construction Co. At the time of his death he was 
vice-president, general manager and chief engineer of the firm. 

Mr. Dimick became a member of the Society in 1921. 
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ALEXANDER GETCHELL DRURY 


Alexander Getchell Drury, mechanical and electrical engineer of the 
Cincinnati, Newport & Covington Street Railway Co., Cincinnati, Ohio, 
died on November 28, 1923. Mr. Drury was born on June 27, 1885, in Cin- 
cinnati, where he received his early education. He was graduated from 
Cornell University in 1902 with the degree of M.E. 

At that time he entered the employ of the Bullock Electric Co. where he 
gained his shop experience. A year later he became connected with the 
gas-meter department of the City of Cincinnati. Since 1913 to the time 
of his death, Mr. Drury held the position of mechanical and electrical 
engineer of the Cincinnati, Newport & Covington Street Railway Co. 

Mr. Drury became a member of the Society in 1921. He belonged to 
the masonic order in which he was actively interested and to the Ohio 
Sons of the Revolution. He was a frequent contributor to the technical 
press and was co-author of a book on X-Ray Operations. 


THOMAS P. EGAN 


Thomas P. Egan, president and founder of the J. A. Fay & Egan Co., 
Cincinnati, Ohio, died on January 10, 1922. Mr. Egan was born on 
November 20, 1847, in Limerick, Ireland. While but a child he was taken 
by his parents to Hamilton, Ont., Canada, where he was educated. At 
the age of sixteen he secured work in a machine shop in Cincinnati and 
after a few months there, changed to the firm of Steptoe, McFarlan & Co., 
which at that time was one of the pioneer manufacturers of woodworking 
machinery in the United States. 

He remained with that concern for twelve years. Early in his employ- 
ment he had the misfortune to lose his right arm and because of this acci- 
dent he was put to work in the office of the firm where he studied bookkeeping 
and the technique of the business. In 1874 Mr. Egan, with two partners, 
opened a little shop and seven years later the Egan Co. was incorporated 
with a capital of $150,000 with Mr. Egan as its president. In 1893 this 
company was consolidated with J. A. Fay & Co., then the most important 
woodworking establishment in the country. 

Mr. Egan became a member of the Society in 1903. He was actively 
interested in the citizens’ organization of Cincinnati and in 1908 was 
elected president of the Chamber of Commerce. He was the organizer 
and first president of the National Association of Manufacturers and in 
1900 was awarded the decoration of the Legion of Honor by the French 
Government because the woodworking machinery which he had designed 
had proved of such value in the development of that industry in France. 


ALEXANDRE GUSTAVE EIFFEL 


Alexandre Gustave LHiffel, engineer and scientist, builder of the famous 
Tower which bears his name and author of scientific treatises of inestimable 
value, died on December 28, 1923. : 

M. Eiffel was born at Dijon, France, on December 15, 1832. After 
his graduation from the Ecole Centrale des Arts et Manufactures in 1885, 
he became interested in the study of construction in steel. At the age of 
twenty-six he was intrusted with the construction of a steel bridge at 
Bordeaux. In the foundation of this bridge he was one of the first to make 
use of compressed air. A little later he applied an improved system of 
sinking hollow piles with compressed air and the aid of a hydraulic press. 

In 1867 Eiffel founded an establishment for iron and steel construction 
which was operated under his direction until 1890. In assembling his 
structures he introduced many noteworthy improved methods, through 
which he succeeded in placing with boldness and precision trusses and 
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bridges of lengths which were then quite exceptional. He improved the 
placing of straight bridges by devising a tipping frame and applying it to 
spans where this method was thought impracticable. He invented and 
made popular demountable and portable bridges ‘or military and colonial 
use. 

Among Eiffel’s great works may be mentioned the viaduct of the Oise, 
the railway bridge over the Tarde, the railway and carriage bridges over 
the Tagus and at Vianna in Portugal, a number of bridges in Cochin- 
China, the great arched bridge at Szegedin in Hungary, the bridge at 
Oporto over the Douro, and the bridge of Garabit, one of the most remark- 
able works of the kind in France and probably Eiffel’s most important 
work. Among other constructions he has to his credit are numerous steel- 
frame buildings, including churches, railway stations, and public buildings. 
For the dome of the equatorial telescope of the Observatory at Nice, Hiffel 
was awarded the Monthyon Prize in Mechanics by the Académie des 
Sciences. 

In 1887 the Panama Canal Company intrusted to Eiffel the general plan 
for a system of locks. He performed this task in a way which should have 
assured the accomplishment of the great enterprise, but the work was 
stopped by the unfortunate bankruptcy of the company. In the investiga- 
tion which followed M. Hiffel was fully exonerated from complicity in any 
of the corrupt transactions which wrecked the enterprise. The injustice 
of the attacks on him was demonstrated by the Court of Cassation from 
the judical point of view and by the Council of the Legion of Honor from 
the moral point of view. 

Hiffel’s best-known work is the Eiffel Tower which was constructed as 
one of the features of the Paris World’s Fair in 1889. The Tower is 984 
feet above the ground, contains 7000 tons of iron in its construction, com- 
mands a view of 85 miles, and houses a fine meteorological observatory 
with physical and biological laboratories. The Tower was constructed 
at a cost of more than a million dollars for which the French government 
voted only $292,000. Eiffel himself supplied the remaining three-quarters 
of a million dollars, for which he was granted the receipts from admission 
fees for a period of twenty years. The receipts for 1889 alone all but 
reimbursed him. 

Since 1890 M. Eiffel devoted himself entirely to scientific research, 
using the Tower observatory and laboratories for the purpose. He pub- 
lished numerous scientific works on meteorology. He made studies of the 
problems of wind pressure and currents and contributed in large measure 
to the progress in aviation through his experiments and researches in 
aerodynamics. His great work, Resistance of the Air, published in 1913, 
was immediately translated into English and is one of the most important 
contributions ever made to this problem. 

M. Eiffel was elected an Honorary Member of the American Society of 
Mechanical Engineers in 1889. He is a Past-President of the Société des 
Ingénieurs Civils de France and an honorary member of most of the great 
scientific societies of Europe and America. He was a laureate of the French 
Institute, an officer of the Legion of Honor, a Knight of the Iron Crown 
of Austria, and a Commander of the Order of the Conception of Portugal, 
of the Crown of Italy, of Isabella of Spain, and of St. Anne of Russia. 


LEWIS M. ELLIS 


Lewis M. Ellis, who was engaged in research work on the high-pressure 
automotive steam boiler at the Mason Laboratory of Yale University, 
died on December 13, 1923. Mr. Ellis was born on June 18, 1867, in Con- 
nersville, Ind., where he attended the public schools. Later he took a course 
at a business college in Cincinnati. 

He was first associated with the Nordyke & Marmon Co., Indianapolis, 


NECROLOGY 901 


Ind., in charge of production and costs systems. From 1905 to 1908 he was 
with the Gray Motor Co., Detroit, Mich., as general manager. He resigned 
from this position to become general manager of the Ellis Engine Co., 
also of Detroit. From 1913 to 1918 Mr. Ellis engaged in efficiency work 
for several concerns, then installing for the Buick Motor Co. their personnel 
service department. In 1920 he became director of industrial relations 
with the Overland Motor Co., Toledo, Ohio, and the following year general 
manager of the Winslow Safety High Pressure Boiler Co., Chicago. 

For the two years preceding his death Mr. Ellis was engaged in designing 
and testing a high-pressure steam boiler of a new type, compact in size 
and adaptable to automotive-truck usage. Associated with him was 
C. C. Trump of the Stumpf Una-Flow Engine Co., Syracuse, N. Y. All 
designing work, tests, etc., were conducted in Mason Laboratory of Yale 
University with students assigned as helpers. 

Mr. Ellis became an associate of the Society in 1923. He belonged to 
the masonic order, the Knights of Pythias and the Odd Fellows. 


ROBERT JOSEPH FLEER 


Robert J. Fleer, heating and ventilating engineer and sales agent for 
the R. A. Dunham Co., Long Island, N. Y., died from accidental drowning 
on December 1, 1923. Mr. Fleer was born on May 4, 1896, in Brooklyn, 
N. Y., where he attended the Boys’ High School. Later he entered Stevens 
Institute of Technology and was graduated in 1918 with the degree of M.E. 

During the War Mr. Fleer served as lieutenant in the U.S. Army Trans- 
port Division. Upon being discharged he became connected with the 
Texas Co. as lubricating engineer. Later he was with the Sinclair Oil Co. 
as fuel engineer, resigning to become sales engineer with the Johns- 
Manville Co. At the time of his death he was associated with the 
R. A. Dunham Co. 

Mr. Fleer became a junior member of the Society in 1919. 


WILLIAM FORSYTH 


William Forsyth, who became a member of the Society in 1883 and who 
served as manager from 1888 to 1891, died on December 18, 1923. 
Mr. Forsyth was born on July 2, 1852, in Northumberland, Pa., where he 
received his early education. Later he studied for one year at the Poly- 
technic College of Pennsylvania at Philadelphia. 

He entered the railway service in 1869 as a machine apprentice in the 
employ of the Philadelphia & Reading Railway, then becoming a drafts- 
man with the same road. Later he was connected with the Altoona Iron 
Co., the Pennsylvania Railroad and the Pittsburgh, Fort Wayne & Chicago 
Railway, becoming in 1882 mechanical engineer with the Chicago, Bur- 
lington & Quincy Railroad at Aurora, Ill. After sixteen years in this position 
he resigned to become superintendent of motive power of the Northern 
Pacific Railway at St. Paul, Minn. Mr. Forsyth served for the year of 
1901-1902 on the faculty of Purdue University as associate professor of 
locomotive and car design. From 1903 to 1913, when he retired from 
active affairs, he held the position of mechanical engineer with Railway 
Age, Chicago. 
5 CHARLES L. FREDERICK 


Charles L. Frederick, vice-president and generul manager of the Passaic 
Metal Ware Co., Passaic, N. J., died on November 16, 1923. Mr. Frederick 
was born in March, 1883, in Owensboro, Ky., where he was educated. He 
served his apprenticeship with the Owensboro Wheel Co., and then became 
a machinist in the employ of the Packard Motor Car Co., Detroit. 

From 1907 to 1913 Mr. Frederick was connected with the New York 
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City office of the Packard Motor Car Co., first as shop superintendent, 
and then as manager of various departments requiring supervision of 
erection of buildings, equipment and operation of machine shops. From 
1913 to the time of his death, he was associated with the Passaic Metal 
Ware Co., as vice-president and general manager, with supervision of all 
manufacturing. Mr. Frederick became a member of the Society in 1917. 


E. CLAYTON GOODWIN 


E. Clayton Goodwin, treasurer of the Hart & Cooley Co., New Britain, 
Conn., died on September 5, 1923. Mr. Goodwin was born in 1886 in 
Terryville, Conn., where he was educated. In 1883 he started work with 
the Eagle Lock Co. of Terryville, serving a three-year apprenticeship as 
machinist. He was connected with this firm until 1901, designing and 
superintending the construction of automatic die and tool work and super- 
vising the standardizing of jigs, tools and fixtures for combination die work. 

In 1901 Mr. Goodwin became associated with the Hartley & Cooley Co., 
New Britain, as mechanical engineer in charge of the production of wrought- 
steel registers, and with the entire mechanical end of the business under 
his personal supervision. In 1903 he became superintendent of the plant 
and in 1907 was elected a director. Two years later he became treasurer 
of the firm, which position he held at the time of his death. He was also 
a director of the Hart & Hutchinson Co., and a director and vice-president 
of the Fafnir Bearing Co. 

Mr. Goodwin became a member of the Society in 1915. He was 
formerly chairman of the New Britain branch of the Connecticut Section 
‘of the Society. He belonged to a number of clubs and was greatly interested 
in civic affairs, serving on a local school board, the republican town com- 
mittee and for one term as representative in the general assembly. 


WILLIAM GEORGE GOODWIN 


William G. Goodwin, chief engineer and superintendent of the water 
department of Kansas City, Mo., died on November 21, 1922. Mr. Goodwin 
was born on October 10, 1861 in Oceola, Ark. He was educated in the 
common and high schools on Winsfield, Tex. 

After serving an apprenticeship in the machine shop and round house 
of the Texas & Pacific Railway Co., Mr. Goodwin entered the employ of 
the Houston Water Works Co., Houston, Tex., where for three years he 
served as assistant engineer. At the end of that period he became chief 
mechanical engineer of the Cable Railway Co., Kansas City, Mo., resign- 
ing to take the position of chief engineer with Hall Brothers in that city. 
From 1900 to 1910 he served Kansas City as chief engineer and superin- 
tendent of the water department and then entered into the con- 
sulting field where until 1918 he was principally engaged in designing and 
constructing water works, light and power plants. In 1918 he again 
became chief engineer and superintendent of the water department, which 
position’ he held at the time of his death. 

Mr. Goodwin became a member of the Society in 1919. 


WILLIAM EWART GOUGH 


William Ewart Gough, mechanical engineer with the Bassett Metal 
Goods Co., Derby, Conn., died on February 28, 1923. Mr. Gough was 
born on September 5, 1882, in South Wales, England. He was brought 
to this country when he was still a child and was educated in the schools 
of Shelton, Conn. 

At the age of eighteen he entered the employ of the American Brass Co., 
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Ansonia, Conn., to serve his apprenticeship in the drafting room, where 
he remained six years. At the end of that period he became draftsman for 
the Farrell Foundry & Machine Co., Ansonia. Two years later, in 1906, 
he became connected with the Birmingham Iron Foundry, Derby, Conn., 
as a designer of rubber machinery. From 1908 to 1914 Mr. Gough was 
assistant chief draftsman with the Whitlock Printing Press Co., resigning 
then to become division overseer on cartridge and bullet production tools 
with the Winchester Repeating Arms Co. in New Haven, Conn. Four years 
later he became associated with the Bassett Metal Goods Co. as chief 
draftsman, shortly being advanced to the position of assistant mechanical 
engineer. In 1919 he was appointed mechanical engineer for the company, 
which position he held at the time of his death. 

Mr. Gough became an associate member of the Society in 1920. He 
belonged to the masonic order and to the Elks as well as to several other 
fraternal organizations. 


LEVI RAWSON GREENE 


Levi R. Greene, consulting engineer since 1869 for the Walworth Manu- 
facturing Co., Boston Mass., died on June 4, 1923. Mr. Greene was born 
on October 8, 1832, in Sutton, Mass. In 1850 he began an apprenticeship 
with the Corliss Steam Engine Co., Providence, R.I. Seven years later 
he entered the United States Navy as third assistant engineer. He was 
promoted to second and later to first assistant and served on the U.S. 
vessels Saranac, Niagara, Adelaide and Georgianna, Massasoit, Brooklyn, 
and Shamokin. In 1869 he resigned from the Navy to become consulting 
engineer for the Walworth Manufacturing Co. He remained with this 
concern until his death. 

During the many years that the firm was concerned with the plans and 
fittings of large public works, Mr. Greene, as consulting engineer, was 
immediately interested in the construction of buildings all over the eastern 
part of the country, from the Parliament buildings in Ottawa, Canada, 
to the State buildings in Texas. 

Mr. Greene became a member of the Society in 1893. He belonged to 
the masonic order. 


G. A. GULOWSEN 


G. A. Gulowsen, draftsman with the Babcock & Wilcox Co., Bayonne, 
N. J., and a@ member of the Society since 1897, died on July 28, 1923. 
Mr. Gulowsen was born in 1860 in Norway, where he was educated. He 
was graduated from a technical school there in 1878 and then served a three- 
year apprenticeship in that country. 

In 1882 he came to the United States where he became a draftsman with 
the S. S. White Dental Manufacturing Co., Staten Island, N. Y. Five 
years later he became connected with the Torsion Balance Co., Jersey City, 
N. J. In 1888 he became a draftsman with the Midvale Steel Co., Phila- 
delphia, Pa., and in 1890 accepted a similar position with the Manufacturing 
Investment Co., Madison, Me. From 1893 to 1895 he served as designer 
with the S. S. White Dental Manufacturing Co., and then became a de- 
signer with the Simonds Rolling Machine Co., Fitchburg, Mass. In 1910 
Mr. Gulowsen became associated with the Babcock & Wilcox Co., as 
draftsman. 


ROBERT H. HACKNEY 


Robert H. Hackney, organizer and for twenty years president of the 
Pressed Steel Tank Co., Milwaukee, Wis., died on Vebruary 4, 1923. Mr. 
Hackney was born on August 6, 1870, in Milwaukee, Wis., where he received 
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his early education. Later he attended the University of Wisconsin from 
which he was graduated in 1893 with the degree of B.S. 

For the first three years upon graduation he worked as a draftsman in 
the Pressed Steel Car Co., Chicago, Ill., and then for two years served as 
shop foreman. In 1899 he became superintendent of the Joliet works of 
the Pressed Steel Car Co. of Pittsburgh, Pa., where he remained three years. 
In 1901 Mr. Hackney went to Milwaukee where he purchased the assets 
of the Seamless Structure Co. and organized the Pressed Steel Tank Co., 
a Wisconsin corporation. He continued at the head of this company 
directing its growth until it became one of the most productive industries 
of that city. 

Mr. Hackney became a member of the Society in 1922. He was a member 
of the board of directors of the Merchants’ and Manufacturers’ Association 
of Milwaukee, the Metal Works Association of Milwaukee, and a number of 
other organizations and clubs in that city. 


IRVING G. HALL 


Irving G. Hall, designer with the Landis Engineering & Manufacturing 
Co., Waynesboro, Pa., died in Bridgeport, Conn., on March 22, 1923. 
Mr. Hall was born on May 7, 1897, in Waterbury, Conn. He was educated 
in the public schools of Danbury and Bridgeport. 

His first employment was with the Crane Valve Co., Bridgeport, where 
he served an apprenticeship as a draftsman. Later he was connected for 
short periods with the Remington Arms Co., the American Graphophone 
Co. and the Bullard Machine Co., all of Bridgeport, and in all of which his 
work had to do with designing and drafting. In 1917 he became draftsman 
and designer for the Yale & Towne Manufacturing Co., Stamford, Conn. 
Two years later he became associated with the Landis Engineering and 
Manufacturing Co. where he designed tools for electric program machine 
clocks. 

Mr. Hall became a junior member of the Society in 1919. He belonged 
to the masonic order. 


GEORGE DANIEL HECK 


George D. Heck, designer employed by the 8S. S. White Dental Manu- 
facturing Co., Prince Bay, Staten Island, N. Y., died on April 8, 1923. 
Mr. Heck was born on March 31, 1865, in Albany, N. Y., where he received 
his early education. Later he attended the Kursteiner and White Institute, 
a preparatory school. 

From 1881 to 1886 he served an apprenticeship as a machinist in the 
printing-press works of R. Hoe & Co., New York City. During that period 
he attended a private night school to study mathematics and mechanical 
drawing. 

Mr. Heck entered the employ of the S. S. White Dental Manufacturing 
Co. as draftsman in 1887. He was soon intrusted with important work 
and at the time of his death was in responsible charge of the design and 
construction of dental equipment on which he was an acknowledged 
consulting authority. 

Mr. Heck became a member of the Society in 1916. 


RUDOLPH HERING 


Rudolph Hering, consulting hydraulic and sanitary engineer of New 
York City and an authority on municipal water supply, sewage, and gar- 
bage disposal, died on May 30, 1923. Mr. Hering was born in Philadelphia, 
February 26, 1847. He was educated in Dresden, Germany, and was 
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graduated from the Royal Polytechnic College of Dresden as a civil engineer‘ 
in 1867. He returned to this country shortly afterward and became assist- 
ant engineer to the Board of Public Works of Philadelphia. In 1881 he 
visited Europe again to study sewage-disposal methods for the National 
Board of Health. 

From 1883 to 1885 he was engineer in charge of the new water supply of 
Philadelphia, and during the next two years was chief engineer of the 
Chicago Drainage and Water Supply Commission. From 1888 until 1920, 
when he retired from active practice, Dr. Hering was engaged in consulting 
work for water supply and sewage works for practically all of the larger 
cities in the United States and Canada. As a member of a New York firm 
of consulting hydraulic and sanitary engineers for many years he served the 
Department of Water Supply, Gas and Electricity of that city. 

Dr. Hering was the author of several technical books, and the recipient 
of the honorary degree of Doctor of Science from the University of Penn- 
sylvania. He belonged to the American Society of Civil Engineers, the 
Canadian Society of Civil Engineers, the Institution of Civil Engineers, 
The Franklin Institute, the American Water Works Association, the New 
England Water Works Association and the American Public Health Asso- 
ciation, and was a Fellow of the American Academy of Science. He became 
a member of the Society in 1906. 


DONALD DAVIS HERR 


Donald D. Herr, vice-president of the firm of Arthur G. McKee & Co., 
Cleveland, Ohio, died on September 1 in Miyanoshita, Japan, from injuries 
received during the violent earthquake on that date. Mr. Herr was born 
in March, 1880, in Bennington, Kansas. He was graduated from Penn- 
sylvania State College in 1902 with the degree of B. S. 

Upon graduation he was employed as draftsman with the American 
Steel & Wire Co., Cleveland, Ohio, but was soon advanced to the position 
of construction engineer. In 1905 he became superintendent of construction 
at the Clairton, Pa., plant of the Carnegie Steel Co., where he remained 
for about two years when he entered the employ of Arthur G. McKee, 
consulting and contracting engineer in Cleveland, to take personal charge 
of the reconstruction of the furnace of the St. Louis Blast Furnace Co., 
and of the first blast-furnace unit of the Inland Steel Co., Indiana Harbor, 
Ind. He was then placed in general charge of all construction work until 
the reorganization of the company when he became vice-president in charge 
of the field and sales departments. 

Mr. Herr became a member of the Society in 1914. He did particularly 
noteworthy work during the War in directing construction work which 
included the removal of a complete blast-furnace plant from Midland, 
Ont., to the Soo plant of the Algoma Steel Co., completely rebuilding this 
plant under the most difficult conditions. He also had charge of a con- 
siderable part of the nitrate-plant equipment near Muscle Shoals. 


JOSEPH 8S. HIBBS 


Joseph S. Hibbs, for the past thirty years consulting engineer in foundry 
construction and practice and assistant general manager of the J. W. 
Paxson Co., Philadelphia, Pa., died on December 8, 1922. Mr. Hibbs was 
born on September 17, 1844, in Philadelphia. He was educated in the 
grammar and high schools of that city and later studied at the Franklin 
Tiistitute. 

From 1861 to 1865, during the Civil War, Mr. Hibbs served with the 
U. 8. Army and at the close of the war started his apprenticeship as a 
molder. In 1869 he became connected with the Keystone Codéperative 
Manufacturing Co., as general manager. Ten years later he resigned from 
that position to become mechanical superintendent of H. R. Ives & Co., 
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Montreal, Canada. In 1881 he became the traveling meiber of the firm 
of 8. Obermeyer Co., where his duties consisted of selling and installing 
all kinds of foundry equipment. He was with this firm for eleven years 
when he left to take the position of assistant general manager with the 
J. W. Paxson Co. As a consulting engineer in foundry construction and 
practice, in which field he was an authority of wide reputation, he was 
active not only throughout the United States but also in Canada. 

Mr. Hibbs became a member of the Society in 1922. He was also a 
member of the American Institute of Mining and Metallurgical Engineers, 
the American Ceramic Society, the American Academy of Political and 
Social Science, the Academy of Fine Arts, the masonic order, and of a 
number of socal clubs and church organizations. 


H. JOHN O. HINCHEY 


H. John O. Hinchey, who became a member of the Society in 1916, 
died on June 17, 1923. Mr. Hinchey was born in August, 1850, in Lansing, 
Mich., where he was educated. 

He was first employed in 1889 by the Southern Exhaust & Blow Pipe 
Co., New Orleans, La., on erection and mechanical work. Four years later 
that firm was reorganized and the name changed to the National Blow 
Pipe Co. Mr. Hinchey remained as designer with the new firm. In 1906 he 
became connected with the Standard Blower Co., Atlanta, Ga., where his 
work dealt with designing and contracting. Six years later he resigned 
from that firm to take a position of a similar nature with the South Atlantic 
Blow Pipe Co., Savannah, Ga. 

From 1914 to 1919 Mr. Hinchey was manager of the Atlanta office of 
the Buffalo Forge Co. and the Buffalo Steam Pump Co., when he left to 
become associated with the Miller Manufacturing Co., Chicago, ILll., with 
which concern he was associated at the time of his death. 


NORMAN A. HOBSTETTER 


Norman A, Hobstetter, sales engineer with the Lathrop-Hoge Construc- 
tion Co., Cincinnati, Ohio, died on September 27, 1923. Mr. Hobstetter 
was born on September 22, 1898, in Pomeroy, Ohio, where he received his 
early education. For a number of years he taught school in his home 
district and then in 1915 entered the University of Cincinnati. 

During the War he served in the U. S. Army and upon his discharge 
returned to the University and was graduated in 1920 with the degree of 
M.E. He served his apprenticeship, as part of his college course, with the 
Platt Iron Works, Dayton, Ohio. In 1920 he entered the employ of the 
Lathrop-Hoge Construction Co. Mr. Hobstetter became a junior member 
of the Society in 1920. He belonged to the University Club of Dayton and 
was a member of the masonic order. 


GEORGE HORNUNG 


George Hornung, widely known consulting engineer of Cincinnati, Ohio, 
died. on November 27, 1923. Mr. Hornung was born on May 4, 1840, in 
Cincinnati, where he was educated and served his apprenticeship as a 
machinist. At the opening of the Civil War he enlisted as a private in the 
first Kentucky Volunteer Infantry. He was soon given a first lieutenant’s 
commission and rendered distinguished service under General Rosecrais. 

Upon return to civil life he became superintendent of the Newport, Ky., 
waterworks, where he remained four years when he became associated with 
Gray, Bowman & Co., St. Louis, builders and owners of water and gas 
works. Upon completing his work with that firm he opened his own office 
as consulting hydraulic and mechanical engineer with headquarters in 
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Cigmnath in which field he was actively interested until the time of his 
eath. 

Mr. Hornung became a member of the Society in 1886. He belonged 
also to the American Water Works Association and to the Central States 
Water Works Association. He was a member of the Knights of Pythias. 


i Wee eUuGO 


T. W. Hugo, a member of the Society since 1882 and one of the best 
known consulting engineers in Minnesota, died on February 27, 1923. 
Mr. Hugo was born on July 29, 1848, in Boddinac, Cornwall, England. 
His parents moved to Kingston, Ontario, Canada, when he was two years 
old and it was there that he was educated. Upon leaving school he served 
for five years as a machine apprentice in the Kingston Foundry & Engine 
Works, and then was employed for three years as second engineer and nine 
years as chief engineer on lake steamers. He superintended the cutting of 
the steamer Campana in two at Montreal, towing the two parts up the river 
and fastening them together again for Lake navigation. 

In 1881 Mr. Hugo settled in Duluth, Minn., becoming chief engineer of 
Elevator ‘‘ B’’ and continuing as chief engineer of the largest elevator plants 
in that city. He served as consulting engineer to many firms throughout 
the State and was recognized as a leader in that field. 

Mr. Hugo was elected alderman of the fourth ward of Duluth in 1890 
and on taking office was made president of the City Council, serving in that 
capacity for eight years. In 1900 he was elected mayor of Duluth and for 
four years was the city’s chief executive. Since that time he was active on 
the school board, acting as president for many years. 

He was one of the earliest members of our Society. He was also a member 
of the National Association of Stationary Engineers. Mr. Hugo belonged to 
the masonic order in which he had attained to one of the highest seats 
of masonry in the world. 


GEORGE H. HULETT 


George H. Hulett, one of America’s most noteworthy inventors and a 
pioneer in the development of machinery for handling bulk freight, died in 
Daytona, Fla., on January 17, 1923. Mr. Hulett was born in Conneaut, 
Ohio, on September 26, 1847, and was educated in the Military School of 
Cleveland, Ohio. 

In 1890 he became engaged in the manufacture of coal and ore-handling 
machinery in Cleveland and in 1898 became associated with the Variety 
Iron Works as construction engineer. Five years later he became engineer 
of the present McMyler Interstate Co. In 1907 he became connected with 
the Webster, Camp & Lane Co., Akron, which shortly afterward was con- 
solidated with the Wellman-Seaver-Morgan Co., Cleveland. He was vice- 
president and director of this company until 1918 when he became vice- 
president of the Hulett Engineering Co., Cleveland. 

Mr. Hulett’s most distinguished engineering achievement was his in- 
vention of the automatic ore-unloading machine bearing his name. The 
first unloader of this type was erected for the Carnegie Steel Co., Conneaut, 
Ohio. It had a ten-ton bucket and was hydraulically operated. Many of 
the Hulett type machines have since been installed at ports on the Great 
Lakes and these have contributed greatly to reducing the cost of handling 
ore and to the speed of unloading boats. 

Mr. Hulett became a member of the Society in 1903. He also belonged 
to the Cleveland Engineering Society, the Cleveland Chamber of Commerce 
and the Daytona Chamber of Commerce. He was a member of the masonic 


order. 
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JAMES LEON HUNT 


James Leon Hunt was born in March, 1886, in Hartford, Conn., where 
he received his early education. He was graduated from New York Uni- 
versity in 1913 with the degrees of B.S. and M.E. He had previously served 
an apprenticeship as machinist and toolmaker with the Sullivan Engine Co., 
the Arthur Gear Works, the H. R. Worthington Pump Co., and the DeLaval 
Steam Turbine Co. 

In 1913 he became associated with the Alberger Pump & Condenser Co., 
New York, as testing and erecting engineer on pumps, turbines, condensers, 
etc. Three years later he accepted the position of assistant chief safety 
engineer with the Ocean Accident and Guarantee Corporation, New York 
City, where he remained a year when he left to become assistant to the 
superintendent of construction of the General Chemical Co. In 1918 Mr. 
Hunt became mechanical engineer in the operating department of the Htna 
Explosives Co., resigning from that position to accept a commission as first 
lieutenant in the engineering division, trench-warfare section of the Ord- 
nance Department of the U. S. Army. 

He was associated with New York University from 1920 until the time 
of his death, in the capacity of supervising engineer of the erection of the 
new Sage Laboratory at University Heights. He was largely responsible 
for the detailed design of the installation of equipment in this building, 
which installation has proved one of the most up-to-date and unique in 
respect to its arrangement for experimental laboratory work. 

For the year previous to the time of his death, his services were used to 
work up an operating plant for one of the University buildings at Washington 
Square. 

Mr. Hunt became a junior member of the Society in 1914 and was ad- 
vanced to the grade of associate member in 1919. He died on October 10, 
1928. 


ROBERT WOOLSTON HUNT 


Robert Woolston Hunt, who less than a month before his death was 
presented the high honor of the Washington Award “ for his pioneer work 
in the development of the steel industry in the United States and for a life 
devoted to the advancement of the engineering profession,”’ died at his home 
in Chicago on July 11, 1923. ‘ 

Captain Hunt was born December 9, 1838, in Fallsington, Bucks County, 
Pa. His father, Dr. Robert A. Hunt, died when he was only sixteen years 
of age, and in 1857 the family moved to Pottsville, Pa., where Robert spent 
several years in the iron rolling mill of John Burnish & Co., acquiring a 
practical knowledge of puddling, heating, rolling, and other details of the 
iron-rail business. Later he took a course in analytical inorganic chemistry 
in a laboratory in Philadelphia, upon the completion of which he entered 
the employ of the Cambria Iron Works at Johnstown, Pa. The first an- 
alytical laboratory maintained in America by an iron and steel company 
was established under his direction in 1860 for the Cambria Works. 

In the Spring of 1861, as night foreman of the Elmira rolling mill, Elmira, 
N. Y., Captain Hunt assisted in the organization of the working force and 
the starting of that industry. In the Fall of that year he entered the U.S. 
Army, and was stationed at Harrisburg. In 1862 he was put in command 
of Camp Curtin, at Harrisburg, with the rank of captain. The next year 
he served the state of Pennsylvania as mustering officer, and in 1864 as- 
sisted in recruiting Lambert’s Independent Mounted Company of Penn- 
sylvania Volunteers. 

After the close of the war Captain Hunt returned to the employ of the 
Cambria Iron Company and was sent to the experimental Bessemer works 
at Wyandotte, Mich,, owned jointly by the Cambria Company and the 
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Kelly Pneumatic Process Company. The Kelly plant had in 1864 produced 
from pig iron remelted in a reverberatory the first penumatic steel made 
in America, and Captain Hunt, while in charge of the works there, intro- 
duced the use of a cupola for remelting. In 1866 he returned to Johnstown, 
where he had charge of the hammering and rolling of steel and superintended 
the rolling of the first steel rails made in America on a commercial order, 
produced for the Pennsylvania Railroad from ingots cast by the Pennsyl- 
vania Steel Company’s plant at Steelton, Pa. The behavior of these ingots 
led to the successful introduction of blooming by rolling instead of ham- 
mering. 

The Bessemer plant of the Cambria Company, finished in 1871, was 
designed and built by John Fritz, chief engineer of the company, with the 
assistance of A. L. Holley and Captain Hunt. It embodies several new 
features, such as the continuous running of the cupola, and a new system 
of bottom casting. Captain Hunt was in charge of these works from the 
time of their completion until August, 1873, when he resigned to become 
superintendent of the Bessemer Works of John A. Griswold & Co., at Troy, 
N. Y. These works were enlarged and remodelled, and the name of the 
company changed, first to the Albany & Rensselaer Steel & Iron Co., and 
later to the Troy Iron & Steel Co. Captain Hunt remained in charge until 
1888, and during these years he supervised the erection of three large blast 
furnaces, and made many grades of Bessemer steel not previously produced 
in America, notably soft steel for drop forgings. He was also a pioneer in 
the production of steel for gun barrels, carriage axles, drills, and springs. 
He took out several patents on steel and iron metallurgical processes and 
machinery, and the Hunt-Jones-Suppes rail-mill feed tables’ developed 
during this period, were used later under licenses by the majority of the 
rail mills in the United States. 

In 1888 Captain Hunt resigned his position at Troy and went to Chicago, 
where he established the firm of Robert W. Hunt & Co., consulting engineers, 
an organization which now has offices and laboratories in many cities. 

The Washington Award is one of many tributes to the work of Captain 
Hunt. In 1912 he was awarded the John Fritz Medal, ‘‘ for his contribu- 
tions to the early development of the Bessemer Process,’’ and in 1920 the 
Hunt Medal “ for meritorious contributions to the art of making steel.’’ 
He was for many years a trustee of the Rensselaer Polytechnic Institute, 
which in 1916 conferred upon him the honorary degree of Doctor of Engi- 
neering. While residing in Troy he was elected for four successive terms 
Commander of John A. Griswold Post, No. 338, G.A.R. 

In the development of the engineering societies he has played an im- 
portant part. He was president of the A.I.M.E. in 1883 and again in 1906; 
president of the A.S.M.E. in 1891; president of the Western Society of 
Engineers in 1893; president of the American Society for Testing Materials 
in 1912; and American Vice-President of the International Association for 
Testing Materials in 1914. He belonged also to the A.S.C.E., the Institu- 
tion of Civil Engineers, the Institution of Mechanical Engineers, the 
Canadian Society of Civil Engineers, and the British Iron and Steel Insti- 
tute. Captain Hunt was secretary of the Committee on Standard Rail 
Sections appointed by the A.S.C.E., the final report of which was made in 
1893, and of the Special Committee on Rail Sections, appointed in 1892, 
which reported finally in 1910. The sections recommended by this com- 
mittee were generally adopted by the railways of America, 

His services as an officer and on committees of these societies, as well as 
his contributions to their proceedings, and lectures before educational and 
scientific bodies, have been of inestimable value. He was an honorary 
member of the A.I.M.E., A.S.M.E., American Society for Testing Materials, 
and Western Society of Engineers. 
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ARIYA INOKUTY 


Ariya Inokuty, professor of mechanical engineering in the Imperial Uni- 
versity of Tokyo, Japan, died on March 25, 1923, at the age of fifty-eight. 
Professor Inokuty was born in Ishikawa, Japan. He received the degrees 
of mechanical engineer and doctor of engineering from the College of 
Engineering of the Imperial University of Tokyo, and then for three years 
served as an instructor in mechanical engineering in the Japanese Navy. 

Since 1886 Professor Inokuty occupied the chair of mechanical engineer- 
ing in the Imperial University as professor in charge of that department. 
He designed and superintended the construction and installation of many 
water-power plants and pumping machinery of considerable size. 

Professor Inokuty wrote a great number of papers on scientific and 
engineering subjects which have been collected and printed in one book. 
He became a member of the Society in 1915. 


ABBOTT L. JOHNSON 


Abbott L. Johnson, president of the Warner Gear Co. and of the Glascock 
Brothers Manufacturing Co., both of Muncie, Ohio, died at. his home in 
Daytona, Fla., on January 11, 1923. Mr. Johnson was born in Herkimer 
County, N. Y., in August, 1852. When he was twelve years old his parents 
moved to Ashtabula, Ohio, where he received his education in the public 
schools. 

There when only a few years out of school he established a bentwood 
factory. Later, in Bluffton, Ind., he founded another bentwood works and 
in a few years engaged in the hardwood lumber business at Montpelier, Ind., 
with J. T. Arnold, under the firm name of A. L. Johnson & Co. In 1880 he 
established a hardwood lumber mill in Muncie, Ind., and four years later 
formed a partnership with William E. Hitchcock, founding a factory for 
the manufacture of skewers and other hardwood products under the name 
of the Muncie Skewer Co. 

At the time of his death, in addition to being president of the Warner 
Gear Co., Muncie, Ind., and the Glascock Brothers Manufacturing Co., he 
was director of the Delaware County National Bank and also of the Morgan- 
Hitchcock Co. 

Mr. Johnson became a member of the Society in 1910. He belonged to a 
number of social clubs and organizations and was a member of the masonic 
order. 

MAURICE LANDIN 


Maurice Landin, who until September, 1922, was treasurer of the Boreal 
Chemical Products Corporation, New York, N. Y., died on March 26, 1923. 
Mr. Landin was born on November 30, 1893, in Koretz, Russia. He received 
his technical education in Cooper Union and later attended the evening 
sessions of Brooklyn Polytechnic Institute, receiving the degree of M.E. 
in 1919. 

From 1913 to 1915 Mr. Landin was employed by the Grand Electric Co. 
on general engineering work. The following year he became connected with 
the Baldwin Locomotive Works, Philadelphia, on the detailing of locomotive 
parts and boiler design. In 1917 he resigned to enter the employ of the 
J. B. Arnold Construction Co., New York, where his work dealt with the 
appraising of railroad property. From 1918 to 1920 Mr. Landin was with 
the Public Service Commission of New York as junior electrical engineer 
in their department of equipment inspection. He left this position to or- 
ganize the Boreal Chemical Products Corporation to manufacture dyes. 
He severed his connection as treasurer of this firm in 1922, intending to 
return to his own field but his illness prevented such action. 

Mr. Landin became a junior member of the Society in 1919. He belonged 
also to the Zionist Engineers of America. 


NECROLOGY 911 


ANTOINE JEAN LANGELIER 


Antoine Jean Langelier, president and designing engineer of the Langelier 
Manufacturing Co., Arlington and Cranston, R. I., died suddenly on 
September 18, 1923. Mr. Langelier was born on August 29, 1859, in St. 
Hyacinthe, Quebec, Canada, where he was educated. 

While still a boy he came to the United States with his parents and took 
up the trade of machinist, serving a three-year apprenticeship with the 
Manchester Locomotive Works, Manchester, N.H. For seven years he 
was in the employ of the Brown & Sharpe Manufacturing Co., Providence, 
R.1I., and then spent one year designing and building special machinery 
for the H. B. Smith Co., Westfield, Mass. 

In 1887 with his father he established the Langelier Manufacturing Co., 
in Cranston, R.I. In 1917 the company incorporated and built a new 
plant at Arlington, which has been engaged in the manufacture of special 
machinery designed by Mr. Langelier. He had devoted much of his effort 
to hot and cold swaging of all kinds of metal. Mr. Langelier became a 
member of the Society in 1914. 


CHARLES A. LINDSTROM 


Charles A. Lindstrom, assistant to the president of the Pressed Steel Car 
Co., Pittsburgh, Pa., and a member of the Society since 1891, died in 1921. 
Mr. Lindstrom was born in 1853in Sweden. He attended a technical school 
in Stockholm and then served an apprenticeship as a machinist. 

He came to this country in charge of the Swedish exhibit of machinery at 
the Philadelphia Exposition in 1876. The following year he became fore- 
man of the Altoona shops of the Pennsylvania Railroad. Two years later he 
became a draftsman in the shops and in 1881 chief draftsman. Later he 
became mechanical engineer in the Altoona office of the road. 

About 1904 Mr. Lindstrom became associated with the Pressed Steel Car 
Co., Pittsburgh, Pa., as chief engineer, a position he held until 1914 when 
he became assistant to the president of the company. 


ALBERT KING MANSFIELD 


Albert King Mansfield, a member of the Society since 1887 and formerly 
mechanical engineer and a director of the Buckeye Engine Co., Salem, 
Ohio, died on January 23, 1923. Mr. Mansfield was born on March 25, 1849, 
in Newburyport, Mass. He received his early education in the schools of 
Lowell, Mass., and then worked for a year in the Lowell Machine Shops 
before entering Massachusetts Institute of Technology. He was graduated 
in 1873 and then went to Munich, Germany, to complete his studies in 
mechanical engineering. 

Upon his return to this country he engaged for a short period in consult- 
ing mechanical and naval engineering work and then went to South America 
where for about three years he served as assistant in the astronomical ob- 
servatory of the Argentine Republic at Cordova. Upon his return to this 
country he became connected with the Pan Handle Railway as master 
builder and was located ia Steubenville, Ohio. Three years later he became 
superintendent of motive power of the New York & New England Railroad. 
His next position was as assistant manager of the Pullman Shops in Pull- 
man, Ill. In 1884 he opened an office in Chicago and later in New York 
where he engaged in consulting work until 1888 when he accepted the 
position of mechanical engineer of the Buckeye Engine Co., Salem, Ohio. 
He remained with this company until 1902 when he resigned from the 
directorship to retire from business because of ill health. ; 

During his connection with the Pan Handle Railway, Mr. Mansfield 
developed and patented several railroad devices, among which were the 
Mansfield water column and the Mansfield switch stand, both of which are 
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in general use today. Besides being a member of our Society he was also 
a member of the Archaeological Society of Washington, D.C., the National 
Geographic Society and the Society for the Advancement of Science. 


WALDO H. MARSHALL 


Waldo H. Marshall, chairman of the board of directors and president of 
the Consolidated Machine Tool Corporation of America, and former 
president of the American Locomotive Company, died August 23, 1923, 
at his summer home at Barnstable, Mass., after a brief illness. 

Mr. Marshall was born in East Boston on June 7, 1864. He entered the 
railway field as draftsman for the Rhode Island Locomotive Works. From 
1888 to 1897 he was engaged in editorial work on the Railway Review, Raii- 
way Master Mechanic, and American Engineer and Railroad Journal. For 
the next two years he was assistant superintendent of motive power for the 
Chicago & Northwestern Railroad. 

In 1899 Mr. Marshall became associated with the Lake Shore & Michigan 
Southern Railway, serving it successively as superintendent of motive 
power, general superintendent of that road together with the Lake Erie & 
Western, and Indiana, Illinois & Iowa, and as general manager. He resigned 
these connections in 1906 to become president of the American Locomotive 
Company, a position which he occupied until 1917. : 

For a time during 1917 he was affiliated with J. P. Morgan & Co. but 
left that firm in January, 1918, to accept the appointment of chief of the 
production division of the Ordnance Department, U.S. Army. He served 
as one of the dollar-a-year men throughout the War, being a member of the 
Naval Consulting Board, and of the Committee on Industrial Preparedness 
of New York. 

Following the War Mr. Marshall was associated with T. A. Gillespie 
Company and the Gillespie Manufacturing Company, being chairman of the 
board of the latter company. in March, 1923, upon the death of C. K. 
Lassiter, who was president of the Consolidated Machine Tool Corporation 
and whom he helped in organizing the corporation as a merger of five com- 
panies, Mr. Marshall, already serving as chairman of the board of directors, 
also took over the duties of president. 

Mr. Marshall was also a director of the American Brake Shoe & Foundry 
Company, the Bucyrus Company, and the Chatham and Phenix Bank of 
New York City. He became a member of the Society in 1893 and served 
on its Finance Committee in 1912-1914. He was chairman of the Executive 
Committee of the Ordnance Division at the time of his death. 


FREDERICK SHELDON MARTIN 


Frederick S. Martin, superintendent with the Westinghouse Electric & 
Manufacturing Co., East Pittsburgh, Pa., died on April 1, 1923. Mr. Martin 
was born on February 12, 1863, in Claverack, N. Y. He received his early 
education in private schools of Poughkeepsie, N. Y., and then entered the 
Stanstead Wesleyan College, Stanstead, Quebec, Canada, from which he 
received a commercial degree in 1878. 

Mr. Martin served his apprenticeship with the Franklin Foundry & 
Machine Co., Providence, R. I., and then was employed by the Brown & 
Sharpe Manufacturing Co., with charge of the planing and milling depart- 
ment in Shop No. 2. Later he became connected with the Edison General 
Electric Co., Schenectady, N. Y., where for three years he served as fore- 
man of the gear and milling departments. For a number of years Mr. 
Martin was superintendent of works for the R. D. Nuttall Co., Pittsburgh, 
Pa., resigning from that position to become associated with the Westing- 
house Electric & Manufacturing Co. 

Mr. Martin became a member of the Society in 1905. He belonged to 
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the Veteran Employes’ Association, the Foremen’s Association and the 
Superintendents’ Council of the Westinghouse Co. 


JOHN FRANCIS MARTIN 


John Francis Martin, who, until his retirement because of ill health, was 
superintendent of the Neptune Meter Co., Long Island City, N. Y., died 
on June 26, 1923. Mr. Martin was born on July 27, 1868, in Hartford, 
Conn., where he was educated. He served a four-year apprenticeship with 
the Dwight-Slate Machine Co., Hartford, and then became connected with 
the Pratt-Whitney Co., also of Hartford. 

In 1894 Mr. Martin became assistant foreman of the tool room and 
machine shop of the Pope Manufacturing Co., Hartford, designers and 
builders of tools and fixtures for producing bicycle parts. He was with this 
concern for nine years when he resigned to take charge of the experimental 
work of the John Underwood Adding Machine Co. with offices in Hartford 
and New York City. Hight years later he became associated with the 
Neptune Meter Co., as assistant superintendent and later as superintendent, 
where he had charge of designing and building tools, fixtures and machines 
for producing water-meter and ammunition parts. 

Mr. Martin became an associate member of the Society in 1918. 


JOHN ALEXANDER McCAMPBELL 


John A. McCampbell, superintendent of construction for the Stone & 
Webster Corporation, Boston, Mass., died on May 24, 1923. Mr. Mc- 
Campbell was born on April 3, 1873, in Knoxville, Tenn., where he was 
educated. He served an apprenticeship as a machinist with the Knoxville 
Foundry & Machine Co., and then became a journeyman wireman in 
Cramp’s Shipyard in Philadelphia, Pa. 

In 1894 he became connected with the Pepper & Register Co., Phila- 
delphia, engineers and contractors, and he was with this firm until 1902, 
having had charge of the track, overhead-line and underground construction 
and power station. In 1902 Mr. McCampbell became chief operating engi- 
neer for the Houghton Co., but returned after a year to the Pepper & 
Register Co. as superintendent of construction of high-tension, transmission 
lines, track and power station. From 1905 to 1907, the last two years of 
his connection with this firm, he was master mechanic of the I. & I. Railway, 
Clinton, Ohio. Since 1907 Mr. McCampbell was associated with the Stone 
& Webster ’Coporation, as superintendent of construction of high-tension 
transmission, trolleys, underground and power stations. 

Mr. McCampbell became a member of the Society in 1919. He belonged 
to the masonic order and was a Shriner. 


H. 8. McDEWELL 


H. 8S. McDewell, research engineer of the Maxwell Motor Co., Detroit, 
Mich., died suddenly on April 6, 1923, at his home in Washington, D. C. 
Mr. McDewell was born on July 9, 1885, in Winthrop, Mass. He was pre- 
pared for college at the Phillips Exeter Academy and then entered Harvard 
University from which he was graduated in 1903 with the degree of M.E. 
In 1908 he received the degree of M.M.E. from the Graduate School of 
Applied Science of Harvard. 

In that same year he became associated with the Allis-Chalmers Manu- 
facturing Co., Milwaukee, Wis., as gas-engine erecting engineer. He was 
with that company until 1914 when he resigned to become an instructor in 
internal-combustion engineering and laboratory practice at the University 
of Illinois, where he was located until 1917. At that time he became engineer 
of tests in the aeronautical engine-testing laboratory at the Washington 
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Navy Yard, supervising the testing and development of aeronautical 
engines and power-plant accessories for a period of about five years. Sub- 
sequently he was associated with the Maxwell Motor Co. 

Mr. McDewell collaborated with Prof. L. S. Marks in writing Gas and 
Oil Engines and Gas Producers and in preparing the manuscript for the 
internal-combustion section of the Mechanical Engineer’s Handbook. He 
became a junior member of our Society in 1908. He was also a member of 
the Society of Automotive Engineers and a charter life member of the 
Association of Harvard Engineers. 


JOHN B. McGOWAN 


John B. McGowan, operating superintendent of the Cunard Building, 
New York, N. Y., died on January 31, 1923. Mr. McGowan was born on 
February 7, 1872, in New York, N. Y. He was educated in New York 
schools and attended St. Francis Xavier College. 

From 1893 to 1918 he was connected with George Borgfeldt & Co., New 
York Gity, as mechanical engineer and superintendent of construction. In 
this capacity he designed and supervised the mechanical equipment of their 
properties. He was also in charge of redesigning and reconstructing the 
mechanical novelties of which this firm was a large importer. 

He was associated for a short period in 1919 with the Consolidated Card 
Co., Long Island City, N. Y., as superintendent of construction. He 
resigned from this position to become operating superintendent of the 
Cunard Building. 

Mr. McGowan became a member of the Society in 1922. He also be- 
longed to the Geographical Society and to the National Association of 
Stationary Engineers. 


FORRES McGRAW 


Forres McGraw, secretary and treasurer of the Swanson-McGraw Co., 
Inc., New Orleans, La., died on September 21, 1928. Mr. McGraw was 
born on October 25, 1895, in New Orleans, La., where he received his early 
education. He was graduated in 1917 from the University of Tulane with 
the degree of B.S. in mechanical engineering. 

During the War Mr. McGraw served as a captain of Field Artillery in 
the U.S. Army and upon being honorably discharged at its close, entered the 
employ of Fairbanks-Morse & Co., in their engineering department. Later 
he became secretary and treasurer of the Swanson-McGraw Co., Ine., 
which position he held at the time of his death. 

Mr. McGraw became a junior member of the Society in 1921. 


JOSEPH H. McNEILL 


Joseph H. McNeill, chief inspector of the Hartford Steam Boiler & 
Insurance Co., died suddenly on April 18, 1923, of heart failure. Mr. 
MeNeill was born on February 14, 1865, in Charlottetown, Prince Edward 
Island, where he received his education in the public schools and the Prince 
of Wales College. 

In his early life he was connected with the Prince Edward Island Rail- 
way. He served also as chief engineer of ocean-going vessels under licenses 
both from the United States Government and from the British Board of 
Trade and for several years was an engineer officer of the Eastern Steamship 
Co., sailing out of Boston, Mass. Later he held the position of engineer 
with the New England Piano Co., Cambridge, Mass., and of the Hood 
Rubber Co., Watertown, Mass. He resigned from the latter position in 
1889 to enter the service of the State of Massachusetts as a boiler inspector 
of the District Police of the Commonwealth of Massachusetts. About ten 
years later he became chief inspector and chairman of the Massachusetts 
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Board of Boiler Rules. In both capacities he had much influence in shaping 
the laws and rules governing the construction, installation and operation of 
boilers in that state. 

In 1912 Mr. McNeill resigned from that position to become chief in- 
spector of the Boston department of the Hartford Steam Boiler Inspection 
& Insurance Co. He remained in Boston until 1915 when he was transferred 
to the New York office of the company where, as chief inspector, he con- 
tinued until his death to have charge of inspection work in the State of 
New York and sections of Vermont and New Jersey. 

Mr. MeNeill became a member of the Society in 1911. He was a member 
of the Board of Examiners of the Industrial Commission, Boiler Inspection 
Department, State of New York. He belonged to the masonic order. 


HARVEY MIDDLETON 


Harvey Middleton, a member of the Society since 1886, died on March 30, 
1923. Mr. Middleton was born on June 27, 1852, in Philadelphia, Pa., 
where he was educated. Upon being graduated from high school he served 
a four-year apprenticeship in the machine shops of Wm. Sellers & Co., 
Philadelphia, and then entered the shops of the Pennsylvania Railroad at 
Renova, Pa. He rose through the various positions to that of master 
mechanic. 

Following his shop work in Renova and through positions in the St. Paul 
& Manitoba Railroad, he was made superintendent of motive power of the 
Louisville & Nashville Railroad, with headquarters at Louisville, Ky. 
After several years with this road he resigned to accept a similar position 
with the Santa Fe Railroad with headquarters at Topeka, Kan. From 
1890 to 1896 Mr. Middleton was manager of the Pullman Co., at Pullman, 
Ill. 

In 1896 he accepted the position of general superintendent of motive 
power of the Baltimore & Ohio Railroad at Baltimore, Md., remaining in 
that capacity until 1900 when he became president of the Thomas C. 
Basshor Co., engineers and contractors of Baltimore. He held this position 
until the dissolution of the company in 1914. 

Although retired at the outbreak of the War, Mr. Middleton resumed his 
activities by becoming connected with the Ordnance Department of the 
U. 8. Army as consulting engineer having to do with production and con- 
tracts and finally the various post-war settlements. Upon the completion of 
this work he again retired, living in Baltimore until his death. 

Besides belonging to our Society, Mr. Middleton was a member of the 
Engineers’ Club of New York, the Maryland Club of Baltimore and the 
American Society of Colonial Wars. 


SAMUEL L. MOORE 


Samuel L. Moore, vice-president and general manager of the Moore 
Brothers Co., Elizabeth, N.J., died on March 17, 1923. Mr. Moore was 
born in 1852 in Elizabeth, N. J. From 1869 to 1873 he served his apprentice- 
ship as machinist with S. L. Moore & Son. In 1873 he qualified for a marine 
engineer’s license and for the next six years followed the sea. 

In 1879 Mr. Moore became foreman of the machine shop of 8. L. Moore 
& Sons Co., a position which he held until 1887 when he became president 
and general manager of the Moore Brothers Co. Mr. Moore became a 
member of the Society in 1907. 


LEWIS HALLOCK NASH 


Lewis H. Nash, president of the Nash Engineering Co., South Norwalk, 
Conn., died on November 17, 1923. Mr. Nash was born on April 17, 1852, 
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in Norwalk, Conn., where he received his early education. He learned his 
trade of a first-class machinist in the Norwalk Iron Works and then entered 
Stevens Institute of Technology in 1873, receiving in 1877 the degree of M.E. 

Soon after being graduated he started work with the National Meter Co., 
of Brooklyn, N. Y., where eventually he became chief engineer. Nearly all 
of Mr. Nash’s patents, which numbered over 400, were assigned to this con- 
cern until he left their employ in 1914. Among his patents were sixty or 
more on water meters and as many more on the design and operation of 
gas engines. In 1914 he established the Nash Engineering Co. of which he 
became president. 

Mr. Nash became a member of the Society in 1891. In 1921 the degree 
of Doctor of Engineering was conferred upon him by his Alma Mater. In 
1922 he was elected representative of the Connecticut State Assembly and 
sat in the 1923 session. 


ROBERT S. OBERLY 


Robert 8. Oberly, Major in the Ordnance Department of the U.S. Army 
and chief of the Arsenal and Industrial Relations Section, Office of the Chief 
of Ordnance, Washington, D. C., died on September 4, 1923. Major Oberly 
was born on September 26, 1885, in Easton, Pa. He was educated in the 
public schools of Pennsylvania and was graduated from Cornell University 
in 1908 with the degree of M.E. Prior to entering Cornell he had been 
employed in several manufacturing establishments as a machinist. 

Major Oberly entered the U. S. Army as a second lieutenant in February, 
1912, and during the World War held the rank of lieutenant colonel, Ord- 
nance Department, being assigned to duty as executive assistant to the com- 
manding officer of the Aberdeen Proving Ground. His work in that position 
involved concrete construction, road work, building construction and 
design, machinery layout, gun-emplacement construction and design, 
velocity apparatus, power-plant layout, ete. 

Major Oberly became a member of the Society in 1919. He belonged 
also to the American Society for Testing Materials, the Army Ordnance 
Association and the masonic fraternity. 


THOMAS T. PARKER 


Thomas T, Parker, who. at the time of his retirement in April, 1920, was 
chief boiler inspector and assistant superintendent of the boiler-insurance 
department of the Fidelity & Casualty Co., New York, N. Y., died at his 
home in Chicago, IIl., on March 28, 1923. 

Mr. Parker was born on October.7, 1856, in Paris, Ky. He received his 
early education in Delaware, Ohio, and entered Wesleyan College there to 
study for the ministry. Because of his father’s death, it became necessary 
for him to leave school at the age of thirteen. He became an apprentice 
machinist in a machine and boiler shop and worked through the stages of 
boiler maker, operating engineer, erector and indicator expert. 

In 1891 he became a boiler inspector for the Fidelity & Casualty Co. His 
work carried him through many states until at length he settled in Chicago 
as chief boiler inspector for that firm. About twenty years ago he was 
called to the home office of the company to become assistant superintendent 
of the boiler-insurance department. He held this position until his retire- 
ment in 1920 because of ill health. 

Mr. Parker was well known in the boiler world and was frequently called 
upon to serve in a consulting capacity. He designed and patented several 
improvements on steam boilers and also held patents on methods dealing 
with the elimination of scale-forming impurities. He became a member of 
the Society in 1914. 
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J. WILLIAM PETERSON 


J. William Peterson, until recently president and owner of the Richardson- 
Phenix Co., Milwaukee, Wis., died suddenly on July 24, 1923. Mr. Peterson 
was born on December 16, 1875, in Morris, Ill. He finished his grammar- 
school education in Chicago and from that time on developed into a self- 
educated, self-made man. He entered the electrical trade in Chicago and 
gradually worked up into electrical contracting. 

In 1903 he went to Cuba as a representative of the Westinghouse Electric 
& Manufacturing Co., returning in two years to accept a position with the 
American Blower Co. His next position was with the New York City office 
of the Hooven-Owens-Rentschler Co., where he remained until 1908 when 
he became connected with the Sight Feed Oil Co., Milwaukee, becoming its 
first New York agent. He was at the same time operating his own company 
known as the Peterson Engineering Co., specializing in large oiling-system 
installations. 

In 1910 Mr. Peterson formed a partnership with the late W. E. Richardson, 
and taking over the Phenix Lubricator Co., Chicago, they created the 
Richardson-Phenix Co. In 1916 this company was merged with the Peterson 
Engineering Co. In January, 1922, Mr. Peterson retired from business. 

. Mr. Peterson became a member of the Society in 1911. He was also a 
member of the American Society of Refrigerating Engineers and the Na- 
tional Association of Stationary Engineers. He was one of Milwaukee’s 
most prominent citizens, being associated with every large piece of civic 
work done in that city during the last decade. He was a member of the 
masonic fraternity. 

CECIL O. PHILLIPS 


Cecil O. Phillips, a director and vice-president in charge of manufacturing 
of the American Cotton Oil Co., and its subsidiaries, died on May 1, 1928. 
Mr. Phillips was born in May, 1866, in New York City, where he received 
his early education. Later he attended Stevens Institute of Technology for 
one year. 

From 1886 to 1888 he served first as draftsman and then as designer with 
the St. Louis & Santa Fe Railroad. He then spent a year as chief draftsman 
with the Atlantic & Pacific Railway and then a year as resident engineer on 
construction with the Nevada & Fort Smith Railway. From 1891 to 1895 
he served as superintendent of the Eagle Oil Works, Claremont, N. J. In 
1895 he became associated with the American Cotton Oil Co., New York 
City, as mechanical engineer. 

After a few years of general work in connection with the mechanical. 
department, he became identified primarily with the crushing mills of the 
organization and had charge of their operation. In 1914 he became secretary 
and treasurer of the Union Seed and Fertilizer Co., one of the subsidiary 
companies. Five years later Mr. Phillips was made vice-president of the 
American Cotton Oil Co. in charge of manufacturing and in this capacity 
had charge not only of the cotton-oil mills but of the refineries and soap 
plants. He was responsible for many improvements and advancements in 
the industry along mechanical operating lines and introduced into the plants 
many of the successful manufacturing processes which are now being used. 
At the time of his death he was a director of the company. 

Mr. Phillips became a member of the Society in 1914. 


RICHARD E. POWERS 


Richard E. Powers, construction engineer for the Oneida Community, 
Ltd., Oneida, N. Y., died on September 26, 1923. Mr. Powers was born on 
May 6, 1877, in Hounsfield, N. Y. He was educated in the common and 
high schools of Watertown, N. Y., and learned the machinist’s trade in the 
locomotive works of that town, 
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Mr. Powers then moved to Oneida, N. Y., and was employed by the 
Oneida Community, Ltd., as a mechanic and tool maker. He was soon 
made foreman of the machine shop and by study and energy advanced to 
the position of master mechanic. During the last few years he was con- 
struction engineer for the Community. 

Mr. Powers became an associate member of the Society in 1917. He be- 
longed also to the American Society of Heat Treating and was a member of 
the local order of Elks. 


EDWARD OWNER QUINN 


Edward O. Quinn, president and manager of the Blue Diamond Materials 
Co., West Roxbury, Mass., died on September 8, 1923. Mr. Quinn was born 
in June, 1882, in Los Angeles, Cal. He was graduated from Purdue Uni- 
versity in 1904 with the degree of M.E. 

He was first employed by the Coalingua Oil & Transportation Co., 
Coalingua, Cal., as an inspector on pipe-line construction and pumping 
plants. Later he was associated with the Doak Gas Engine Co., the Western 
Fuel Co., and the Western Calcium Co., all of San Francisco. From 1910 
to 1918 he was connected for varying periods with the following concerns: 
the Round Rock Lime Co., Round Rock, Tex., the Western Lime & Plaster 
Co., Lime, Ore., the L. B. Hammond Machinery Co., Portland, Ore., the 
Cowell Portland Cement Co., Cowell, Cal., and the Henry Cowell Lime & 
Cement Co., San Francisco. From 1918 to 1920 Mr. Quinn was engaged in 
the construction of the Union Oil Refineries at Oli:um and Wilmington, Cal. 
The following year he designed and constructed the New England Oil 
Refinery, Fall River, Mass. In 1921 he became president and manager of 
the Blue Diamonds Materials Co., which position he held at the time of his 
death. 

Mr. Quinn became a member of the Society in 1916. He belonged to a 
number of clubs and was a 32d degree Mason. 


T. W. RANSOM 


Tom Wells Ransom, consulting engineer of San Francisco, Cal., died on 
December 20, 1923. Mr. Ransom was born on October 11, 1869, in San 
Francisco, where he received his early education. He was graduated in 1891 
from the University of California with the degree of B.S. For the next five 
years he was employed in the drawing office of the Union Iron Works and 
the Fulton Iron Works, also becoming familiar with machine-shop and 
foundry practice. 

At the end of that time he became associated with John H. Hopps under 
the firm name of Hopps & Ransom, consulting engineers. The fire of 1906 
ended this connection and Mr. Ransom continued alone in private practice. 
In 1911 he was engaged by the City of San Francisco to design and superin- 
tend the construction of a high-pressure fire system. Upon the completion 
of this piece of work, which is considered especially fine, he was retained 
by the City to design and build the Municipal Railway System, which he did 
successfully. In 1916 he resigned from the City Engineer’s Office and 
resumed private practice until 1918 when he entered the service of the U.S. 
Shipping Board with headquarters in Los Angeles to supervise the wartime 
work of building and repairing vessels in that district. From 1919 to the 
time of his death Mr. Ranson had been engaged in private consulting work. 

Mr. Ransom became a member of the Society in 1909. He was a member 
of the University Club of San Francisco. 


ROGER P. REDIER 


Roger P. Redier, formerly general sales manager of the Allied Machinery 
Co. of America, New York City, diedin July, 1923. Mr. Redier was bornin 


NECROLOGY 919 


May, 1878, in Paris, France, and always maintained his citizenship in that 
en He was educated in French schools and attended the College de 
ieppe. 

Mr. Redier came to this country in 1897 and served a two-year appren- 
ticeship with the Brown & Sharpe Manufacturing Co., Providence, R.I. He 
then returned to France and served in the French Army for four years. 
From 1904 to 1910 he was associated as field engineer with Alfred Herbert, 
Ltd., Coventry, England, one of the largest manufacturers of machine tools 
in England. At the end of that period he became general manager in charge 
of design and production of machine tools for Ste. Francaise de Machines 
Outils, Paris. Three years later he became general manager of R.S. Stockvis 
& Son, Paris. During the first year of the War Mr. Redier saw active service 
with the French Army. He was then sent to the United States to procure 
all necessary equipment for rifle and cartridge plants. 

In 1919 Mr. Redier became connected with the Allied Machinery Co. of 
America as general sales manager. He resigned from this position in 1921 
because of ill health. He became a member of the Society in 1919. 


JOSEPH B. RIDER 


Joseph B. Rider, consulting engineer, New York City, died on February 
26, 1923. Mr: Rider was born on April 28, 1868, in Norwalk, Conn., where 
he received his early education. Later he attended Rensselaer Polytechnic 
Institute, being graduated in 1889 with the degree of C.E. The following 
year he took post graduate work in Lafayette College. 

During his early professional career he served as associate editor of Fire 
and Water and contributed to the technical press. He was also the author 
of Rider’s Little Engineer. 

Mr. Rider became associated with his father in 1904 in designing and 
supervising hydraulic and water-power work, making a specialty of munici- 
pal water-works plants. Upon his father’s death, Mr. Rider carried on the 
business and enlarged its scope to include electric-light, power-plant and 
hydroelectric work. He acted as expert in numerous valuation and con- 
demnation proceedings. 

During recent years Mr. Rider devoted a great deal of time to consulting 
work for public and quasi-public works and utilities and was identified with 
a large number of such works throughout the country. 

Mr. Rider became a member of the Society in 1916. He was also a 
member of the American Water Works Association and the American Asso- 
ciation of Engineers. 

JOHN I. ROGERS 


John I. Rogers, founder, treasurer and engineer of the Eagan-Rogers 
Steel & Iron Co., Crum Lynne, Pa., died on August 15, 1923. Mr. Rogers 
was born on September 15, 1882, in Philadelphia, Pa., where he was edu- 
cated. He was graduated from the University of Pennsylvania in 1904. 

From 1904 to 1909 he was in the employ of the Midvale Steel Co., where 
he worked through the shops to the superintendency of the rolled-steel- 
wheel plant. At the end of that time he resigned to enter the consulting 
field, making a specialty of steel and forging plants. He designed plants for 
the Bridgeport Forge Co., for the Heffenstahl Forge & Knife Co., and for 
many others. In 1912 together with Daniel C. Eagan, he organized the 
Eagan-Rogers Steel & Iron Co. and built their present plant for the manu- 
facture of steel castings. 

Mr. Rogers became a junior member of the Society in 1910 and in 1921 
was advanced to full membership. He belonged also to the American 
Society for Testing Materials, the Engineers’ Club of Philadelphia, the 
Merion Post of the American Legion and to several social clubs. 

During the War Mr. Rogers served as a lieutenant in the U. S. Navy, in 
command of the U.S.S. Helmeta, attached to the Atlantic Fleet. 
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ALEXANDER ROSE 


Alexander Rose, mechanical engineer with J. E. Sirrine & Co., Greenville, 
8. C., died on July 11, 1923. Mr. Rose was born on February 20, 1867, in 
Charleston, S. C., where he received his early education. Later he attended 
Cornell University for three years. 

From 1894 to 1906 Mr. Rose was associated with the following firms in the 
capacities noted: Morgan Iron Works, Spartanburg, 8S. C., master mechanic; 
Land Pebble Phosphate Co., Bartow, Fla., master mechanic; Palmetto 
Phosphate Co., Bartow, Fla., designer for phosphate mining plant; Charles- 
ton Mining Co., chief engineer of the Horseshoe Mines; Olympia Cotton 
Mills, Columbia, S. C., chief engineer; Darlington Cotton Mills, Darlington, 
S. C., and Laurens and Watts Mills, Laurens, S. C., chief engineer. 

In 1906 Mr. Rose became connected with J. E. Sirrine & Co. as me- 
chanical engineer in charge of the steam-power and heating departments, 
which position he held at the time of his death. He became a member of 
the Society in 1921. 


JOHN HOWARD ROWEN 


John Howard Rowen, commander, U.S. Navy, retired, and member of 
the faculty of the engineering college of the University of Minnesota, 
Minneapolis, Minn., died on September 7, 1923. Professor Rowen was 
born on January 25, 1871, in Philadelphia, Pa., where he received his early 
education. At the close of his third year in high school he was appointed 
to the Naval Academy at Annapolis where he was graduated from the engi- 
neering course in 1891. 

He was commissioned as assistant engineer and during the next twenty 
years passed through the various naval grades to that of commander, 
retiring in 1911. For two years he was engaged in the study of archeology. 
In 1913 he became a member of the faculty of Toledo University, Toledo, 
Ohio, in charge of mechanical engineering. Two years later Professor 
Rowen accepted.a position on the faculty of the University of Michigan, 
from which he was recalled to active service when the United States entered 
the World War. He served as naval inspector of machinery at the Allis- 
Chalmers Co., Milwaukee, Wis. In 1921 he became associated with the 
University of Minnesota and at the time of his death was associate professor 
of steam-power engineering. F 

Professor Rowen became a member of the Society in 1917. He was also a 
member of the American Association for the Advancement of Science, the 
National Geographic Society, the Society of Naval Architects and Marine 
Engineers, the Society for the Promotion of Engineering Education, the 
Engineers’ Club of Minneapolis and of various naval clubs. 


JOHN WARREN SARGENT 


John Warren Sargent, consulting engineer of Providence, R.I., and 
widely known as an expert designer of stationary steam engines, died on 
January 31, 1923. Mr. Sargent was born on February 4, 1856, in South 
Amesbury, Mass., where he received his early education. Later he studied 
for two years as a special student in the Massachusetts Institute of Tech- 
nology. 

Previous to this course he had served an apprenticeship as a machinist 
with the Amesbury Machine Works. In 1881 he was employed as a ma- 
chinist in William Cramp’s Shipbuilding Works in Philadelphia, Pa. Later 
he was connected with the Dickson Manufacturing Co., Scranton, Pa., as 
draftsman and mechanical engineer. 

In 1893 Mr. Sargent became consulting engineer to the Providence 
Steam Engine Co., Providence, R.I., and the following year entered into 
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partnership with a Mr. Rice in the firm of the Rice & Sargent Engine Co. 
Five years later the name of the firm was changed to the Providence Engi- 
neering Works and Mr. Sargent became its director and consulting engineer. 
He remained with this company until 1913 when he resigned to enter the 
consulting field of steam plants and engine regulation. Since 1920 Mr. 
Sargent had devoted his time to experimental research work, inventing and 
designing an inertia engine. 

Mr. Sargent was one of the early members of the Society, joining the 
organization in 1886. He was a member of the Providence Engineering 
Society and an honorary member of the National Association of Stationary 
Engineers. 


CHARLES ROBERTS SEABROOK 


Charles Roberts Seabrook, associated with the firm of McClintock & 
Marshall, Pittsburgh, Pa., died on March 1, 1923. Mr. Seabrook was born 
on July 1, 1887, in Westminster, Md. He received his early education in the 
Shenandoah Valley Military Academy and then attended Newbury College, 
South Carolina, from which he was graduated in 1905 with the degree of 
B.S., later taking special work at the Armour Institute of Technology. 

From 1905 to 1909 Mr. Seabrook worked on various engineering projects 
in southern states and Central America as draftsman, rodman, transitman 
and detailer. At the end of that period he became structural draftsman and 
detailer for the Virginia Bridge & Iron Co., Roanoke, Va. The following 
year he became squad foreman and assistant chief draftsman for the Cambria 
Steel Co., Johnstown, Pa. From 1912 to 1917 Mr. Seabrook was connected 
with the following firms:* Eastern Steel Co., New York City, as designer 
and estimator; Heyl & Patterson, Inc., Pittsburgh, Pa., as squad foreman 
and designer; Lackawanna Bridge Co., Buffalo, N. Y., assquad foreman and 
assistant chief draftsman; Westinghouse, Church, Kerr & Co., New York 
City, as structural designer; Chile Exploration Co., Chuquicamata, Chile, 
as structural engineer and assistant superintendent of construction. 

In 1918 Mr. Seabrook became civilian structural engineer in the Pitts- 
burgh District of the Ordnance Department of the Army. His next position 
was as chief engineer of the H. M. Lane Co., Detroit, Mich. He was for a 
time consulting member of the firm of Owen & Seabrook, consulting engi- 
neers, Detroit, resigning to become associated with the firm of McClintock & 
Marshall. 

Mr. Seabrook became a member of the Society in 1920. He was also 
a member of the Detroit Engineering Society, the Society of American 
Military Engineers and of several social clubs. 


WILLARD THOMAS SEARS 


Willard T. Sears, general mechanical engineer with the Niles-Bement- 
Pond Co., New York, N. Y., died on March 24, 1923. Mr. Sears was born 
on November 17, 1865, in Plymouth, Mass., where he attended the public 
schools. He was graduated from the Massachusetts Institute of Tech- 
nology in 1887. 

His first position was with the Holly Manufacturing Co., builders of 
pumps at Lockwood, N. Y., as draftsman. Later he was connected with the 
Pennsylvania Steel Co., Steelton, Pa., as a special designer on draw bridges 
and draw-bridge machinery. 

For the past twenty-two years Mr. Sears was general mechanical engineer 
with the Niles-Bement-Pond Co., New York, N. Y., manufacturers of 
machiae tools. During this period he was responsible for a number of their 
more important designs. In 1915 he represented the firm in China in a con- 
sultation with the government officials of that country on machinery for 
arsenals. 


922 NECROLOGY 


Mr. Sears became a member of the Society in 1889. He was also a mem- 
ber of the American Society for Testing Materials and of several social 
clubs. He belonged to the masonic order. 


H. J. SMALL 


H. J. Small, a life member of the Society since 1884 and vice-president 
from 1893 to 1895, died in the Fall of 1921. Mr. Small studied mechanical 
drawing and engineering at Mechanic’s Institute in Toronto, Ontario, and 
then served a three-year apprenticeship as a pattern maker in the shops of 
the C. & N. W. Railway in Chicago and a similar period with the Kansas 
Pacific Railway as machinist and draftsman. He then became a draftsman 
in the employ of the Northern Pacific Railway. 

Later Mr. Small held successively the positions of general foreman of the 
International & Great Northern Railway, master mechanic of the Galveston, 
Houston & Henderson Railway, general manager and master car builder of 
the Texas & Pacific Railway, and assistant superintendent of machinery 
of the Northern Pacific in charge of locomotive car shops. His last position 
and one which he held for many years before his retirement was as general 
superintendent of motive power of the Southern Pacific Railway. 


CLARENCE LLEWELLYN SMITH 


Clarence L. Smith, design engineer, with the Western Electric Co., Inc., 
New York City, died from accidental drowning on November 4, 1923. Mr. 
Smith was born on October 17, 1894, in Vinalhaven, Me., where he received 
his early education. He was graduated from the University of Maine in 
1917 with the degree of B.S. in mechanical engineering, and then entered 
the student course of the Western Electric Co. in Chicago, Ill. 

After a six months’ training he was assigned to the manufacturing depart- 
ment where his work covered the development of a wire-drawing machine, 
an annealing furnace and machines for drilling diamond dies for wire drawing. 
In July, 1918, Mr. Smith was transferred to the New York office of the com- 
pany where until the time of his death he was engaged in the development 
of central-office telephone and switchboard apparatus. 

Mr. Smith became a junior member of the Society in 1923. He was a 
member of the honorary engineering fraternity Tau Beta Pi and also of Phi 
Kappa Phi. 


JULIO FEDERICO SORZANO 


Julio Federico Sorzano, consulting civil and mechanical engineer, New 
York City, died on June 25, 1923. Mr. Sorzano was born on October 25, 
1852, in Cuba. He was educated in France and Belgium and was graduated 
in 1872 from the Institute de l’Etat Gembloux. He specialized in the sugar 
industry, and although established in New York, did the greater part of his 
work abroad, principally in Cuba, Mexico, Porto Rico, Haiti and the 
countries of South America. 

Mr. Sorzano designed and built a score or more of sugar mills in Cuba 
and Porto Rico alone and was an acknowledged expert in matters pertaining 
to the raw-cane and beet-root sugar industries, in which he was one of the 
pioneers. He built the first railway in Venezuela, as well as two subsequent 
roads in the same country. He was consulted in connection with the founda- 
tions of the Brooklyn Bridge towers with which there had been considerable 
difficulty. He was greatly interested and very active in the Panama Canal 
controversy over the relative merits of the lock as against the sea-level 
canal, and was a member of the committee appointed by the Chamber of 
Commerce of New York to study the matter. 
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A close student of Latin-American affairs, he organized in 1911 the 
Pan-American Chamber of Commerce to foster friendly and trade relations 
and was president of that institution up to the time of his last illness. 
Mr. Sorzano was a life member of the Society, joining the organization in 
1884. He belonged also to the American Society of Civil Engineers, the 
Institution of Civil Engineers of Great Britain, la Société des Ingénieurs 
Civils de France and the Chamber of Commerce of the State of New York. 


CHARLES P. STEINMETZ 


Charles Proteus Steinmetz, chief consulting engineer of the General 
Electric Company, died suddenly at his home in Schenectady, N. Y., 
October 26, 1923. He was born April 9, 1865, in Breslau, Germany, and 
was educated at the gymnasium (high school) and then at the University 
of Breslau, where he studied mathematics and astronomy, then physics and 
chemistry, and finally, for a short time, medicine and economics. Involved 
in the social democratic agitation against the government, he escaped to 
Switzerland in 1888, and there studied mechanical engineering at the Poly- 
technicum. 

In 1889 he immigrated to America, and found a position with the Oster- 
held & Eickemeyer Manufacturing Company, first as draftsman, then as 
electrical engineer and designer, and finally in research work in charge of 
the Eickemeyer Laboratory, in New York. 

With the absorption of the Eickemeyer-Field interests by the General 
Electric Company, Dr. Steinmetz joined the latter organization. Upon the 
transfer of the company’s headquarters to Schenectady in the spring of 1894, 
Dr. Steinmetz organized and took charge of the calculation and design of 
the company’s apparatus and of its research and development work. 

For a number of years Dr. Steinmetz was professor of electrical engi- 
neering at Union College, and at the time of his demise was professor of 
electro-physics at Union University. During this period, however, he re- 
tained his connection with the General Electric Company as chief consult- 
ing engineer. 

His incomparable ability for mathematical analysis found an avenue for 
utilization in investigations of magnetism, alternating currents, radiation, 
thermodynamics, and illumination, and his contributions made possible the 
present state of the art of generation and transmission of electrical power. 

Dr. Steinmetz was past-president of the National Association of Cor- 
poration Schools, vice-president of the International Association of Munici- 
pal Electricians, past-president of the American Institute of Electrical 
Engineers, honorary member of the National Electric Light Association, 
past-president of the Illuminating Engineering Society, fellow of the 
American Association for the Advancement of Science, member of the 
(British) Institution of Electrical Engineers, member of The American 
Society of Mechanical Engineers, the Electrochemical Society, the Illuminat- 
ing Engineering Society, the Physical Society, etc., etc. He had also served 
as president of the Common Council and twice as president of the Board of 
Education of the city of Schenectady. 


THOMAS 8S. THOMSON 


Thomas 8. Thomson, mechanical superintendent of the Biltmore Hotel 
in Los Angeles, Cal., died on June 3, 1923. Mr. Thomson was born on 
March 8, 1867, in Waukesha, Wis. He received his early education in the 
schools of Chicago and attended the College of Pharmacy planning to go to 
the Rush Medical College but his health called for out-door work and he 
gained employment in the Union Stock Yards where he soon became yard 
master. 

In 1894, however, he turned his attention elsewhere and after a corre- 
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spondence course in steam and electrical engineering, decided to go West. 
The following year he became engineer in the San Gabriel Hotel, San 
Gabriel, Cal. He rose rapidly in the line of work he had chosen and 
held responsible positions with the United Gas & Fower Co., the Exposed 
Treasure Mine and the Sierra Oil Co. In 1903 he became chief engineer of 
the Los Angeles Gas & Electric Corporation and later chief constructor. He 
was with this company for ten years when he became chief engineer and 
mechanical superintendent of the Alexandria Hotel in Los Angeles. In 1920 
he was advanced to the position of supervising engineer of the Ambassador 
Hotel Corporation, a position which required a man of genuine ability so 
extensive was the system. Mr. Thomson continued in its upbuilding until 
it became the largest steam-generating plant west of Chicago. He held this 
position until late in 1922 when he resigned to take a rest before assuming 
the duties of mechanical superintendent of the new Biltmore Hotel of 
Los Angeles, one of a chain of the Bowman group of hotels. 

Mr. Thomson became a member of the Society in 1921. He was a past- 
president of the National Association of Stationary Engineers. 


DANIEL W. TOWER 


Daniel W. Tower, president of the Grand Rapids Brass Co., Grand 
Rapids, Mich., died on February 12, 1923, failing to rally from an operation. 
Mr. Tower was born on August 15, 1855, in Oakfield, Mich. Leaving school 
at an early age, he entered the employ of the Phoenix Furniture Co., Grand 
Rapids, Mich., as an apprentice. 

Three years later he became a draftsman with the firm of Nelson Mather 
& Co., where he remained for seven years. At the end of that period he 
became foreman of the Michigan Tool Works and in 1888 superintendent in 
charge of the design and construction of factory buildings and the layout 
and installation of power-plant equipment for the Works. 

Mr. Tower was one of the founders of the brass industry in Grand 
Rapids, establishing a foundry which afterwards became the Grand Rapids 
Brass Co., of which he was president at the time of his death. 

He became a junior member of the Society in 1900 and was advanced to 
full membership in 1907. He was prominent in local circles, an active 
member of the Grand Rapids Historical and of the Old Settlers Societies, and 
a Knight Templar of the masonic order. He was well known and beloved 
for his lectures and talks on his many journeys to distant lands as well as 
to the odd corners of his own country. 


GEORGE A. WEBER 


George A. Weber, an associate member of our Society since 1896, and 
formerly vice-president of the Rail Joint Co., Stamford, Conn., died on 
March 29, 1923. Mr. Weber was born on December 138, 1848, in Como, IIl., 
at that time a frontier town. He was educated in the public schools of 
Chicago and at Williston Seminary in Easthampton, Mass., from which he 
was graduated in 1870. 

Mr. Weber was a pioneer in the successful development of base-supporting 
rail joints, and was the inventor of the Weber rail joint and other track 
appliances. In 1889 the Weber Rail Joint Co. was founded and incor- 
porated in the State of West Virginia. In 1905 this company was merged 
with others to form the Rail Joint Co. Besides proving a most successful 
mechanical appliance, the Weber insulated joint is used throughoutAmerica 
by cath eno, employing electrical signals and is also used extensively 
abroa 

Mr. Weber was also a member of the American Society of Civil Engineers, 
the Union League Club of New York, the New York Yacht Club, the 
enats Club of Canada, and to a number of other organizations and 
clubs, 
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PETER WEBER 


Peter Weber, who, at the time of his retirement in 1918, was president of 
the Sloan & Chace Manufacturing Co., Newark, N. J., died on May 9, 1923. 
Mr. Weber was born on May 21, 1860, in Lautersheim, Bavaria, Germany, 
where he was educated in the public and trade schools. He served a three- 
year apprenticeship in Germany and then came to this country at the age 
of sixteen. 

He worked in various machine shops in and about New York City and 
finally in 1884 was employed by Thomas A. Edison, whose business at that 
time was located in Gerk Street, New York. Mr. Weber remained there 
until the Edison General Electric Co. acquired their plant at Schenectady, 
N. Y., and at that time he was transferred to those works as a machinist 
and tool maker. He advanced rapidly through the positions of inspector, 
assistant tool-room foreman, foreman and assistant superintendent to that 
of general superintendent in 1896. He retained that position until 1899 
when he resigned to become general superintendent of the Edison Phono- 
graph Works at West Orange. In 1912 Mr. Weber acquired the ownership 
of the Sloan & Chace Manufacturing Co., which plant he operated until 
late in 1918 when he was forced to resign because of ill health. 

Mr. Weber became a member of the Society in 1913. He belonged to the 
masonic and Elks orders and was a member of the Edison Pioneers. 


ARTHUR GORDON WEBSTER 


Arthur G. Webster, one of the best known physicists and chemists in this 
country, and a member of the faculty of Clark University, Worcester, Mass., 
died on May 15, 1923. Professor Webster was born on November 28, 1863, 
in Brookline, Mass. He was graduated from Harvard University in 1885 
and later studied in Berlin, Paris and Stockholm, receiving the degree of 
doctor of philosophy from the University of Berlin in 1890. He taught fora 
few years in Harvard and then became associated with Clark University 
as a professor of physics. 

Professor Webster became a member of the Society in 1919. He was a 
fellow of the American Academy of Arts and Sciences, the American Philo- 
sophical Society, the American Institute of Electrical Engineers; an 
honorary member of the Royal Institute of Great Britain and a life member 
of the French Institute in the United States. He was a delegate of the U.S. 
Government to the International Radiotelegraphic Conference at London 
in 1912. ,He was a member of the committee on chemistry and physics of 
the U. S. Naval Consulting Board in 1915 and of the National Research 
Council in 1917. He belonged to the Phi Beta Kappa Fraternity and was a 
member of a number of clubs. 

Professor Webster was the author of many scientific works upon the 
theory of electricity and magnetism and was the recipient in 1895 of the 
Elihu Thompson Prize of 500 francs for the best treatise on electricity. 


SCHUYLER SKAATS WHEELER 


A leading inventor and engineer in the electrical field, Dr. Schuyler 
Skaats Wheeler died suddenly of angina pectoris on April 20, 1923, in the 
sixty-third year of his age. Dr. Wheeler was born in New York and was 
graduated from Columbia University in 1881. After a few minor connec- 
tions he became a member of the staff of Thomas A. Edison, and for three 
years was engaged in installation work. From 1886 to 1888 he was con- 
nected with the C. & C. Motor Co., which he helped to organize. 

In 1888, the Crocker-Wheeler Company, of New York and Ampere, N. J., 
was formed with Dr. Wheeler as president, a position which he occupied up 
to the time of his death. This company was the first in the world to manu- 
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facture small electric motors, and during the past thirty-five years has 
installed more than 1000 electric drives designed by Dr. Wheeler. 

Dr. Wheeler was an organizer and founder of the United Engineering 
Societies, and was a member of the national, civil, electrical, and mechanical 
engineering societies. He was for a time president of the American Institute 
of Electrical Engineers, to which he gave the Latimer-Clark library, said to 
be the largest collection of rare electrical books in existence. He became a 
member of the Society in 1899. 


HENRY E. WHITAKER 


Henry E. Whitaker, who, until his retirement in 1922, was mechanical 
engineer for Parke, Davis & Co., Detroit, Mich., died on June 10, 1923. 
Mr. Whitaker was born on October 27, 1858, in Forest City, Ill. He was 
educated in the schools of that city and attended the University of Michigan 
from which he was graduated in 1888 with the degree of B.S. in civil engineer- 
ing. 

From 1888 to 1894 he was in the employ of Jesse M. Smith, consulting 
engineer of Detroit. At the end of that time he became associated with 
F. A. Hubel of Detroit as a designer of special machinery. In 1901 he 
resigned from this position to become superintendent of the Pacific Iron 
Works of Seattle, Wash. Two years later he became assistant division 
superintendent of Parke, Davis & Co., Detroit, and in 1906 was advanced 
to the position of mechanical engineer, from which ill health forced him to 
resign in 1922. 

Mr. Whitaker became a junior member of the Society in 1891 and was 
promoted to full membership in 1904. He was also a member of the Detroit 
Engineering Society from the early days of its organization. 


CHARLES SUMNER WILLIAMSON 


Charles Sumner Williamson, a member of the Society since 1914 and 
vice-president of the Mead-Morrison Manufacturing Co., Chicago, IIl., 
died on March 31, 1923. Mr. Williamson was born in April, 1874, in Cleve- 
- land, Ohio, where he received his early education. Later he attended the 
Case School of Applied Science from which he was graduated in 1895 with 
the degree of B.S. and three years later with the degree of C.E. : 

From 1894 to 1895 he worked in a civil engineer’s office in Cleveland 
and at the end of that period became connected with the Brown Hoisting 
Machinery Co. of that city. From 1896 to 1898 he was in the employ of the 
King Bridge Co. and the Variety Iron Works, also of Cleveland. He 
resigned from his position with the latter concern to return as erection engi- 
neer to the Brown Hoisting Machinery Co., where he was located until 1904 
when he became contracting engineer for Heyl & Patterson, Inc., Pitts- 
burgh, Pa., in charge of the grab-bucket machinery department. Seven 
years later Mr. Williamson became associated as western manager and con- 
tracting engineer with the Mead-Morrison Manufacturing Co., Chicago, 
Ill., engineers and contractors for hoisting machinery. In 1918 he became 
vice-president of that concern. 


HENRY CLINTON WILSON 


Henry C. Wilson, consulting engineer, New York City, died on December 
14, 1922. Mr. Wilson was born in June, 1876, in Washington, D.C. He 
attended Columbia University for four years, taking the course in electrical 
engineering, and then left in 1898 to enter the U. 8. Army as a first lieutenant 
and later a captain in the Engineers Corps. 

From 1901 to 1903 Mr. Wilson was in the employ of the Compound 
Beating Co., as engineer and designer, resigning to become associated with 
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the Sub-Target Gun Co., as chief and consulting engineer. Later he served 
as consulting engineer and technical director in the ordnance department 
of the Westinghouse Electric & Manufacturing Co. During the War 
Mr. Wilson was a major in the Coast Artillery Corps of the U. S. Army. 
Upon his return to civil life he entered the consulting field, in which work he 
was engaged at the time of his death. 

r. Wilson became a member of the Society in 1915. He was also a 
member of the Society of Automotive Engineers, an associate member of 
the American Institute of Electrical Engineers and an associate of the 
U.S. Naval Institute. 


HENRY EDGAR WOOD 


Henry E. Wood, founder and general manager of the Wood Printing Co., 
Newark, N. J., died on February 24, 1923. Mr. Wood was born on June 16, 
1870, in Fulton, N. Y. He was educated in the schools of St. Charles, 
Mich., and later took a course in mechanical drafting in the International 
Correspondence School. He served his apprenticeship in the Diltz Machine 
Shop, Oswego, N. Y., from 1888 to 1891. From 1891 to 1903 he worked as a 
general mechanic with the following firms: Dexter Folder Co., Fulton, 
N. Y.; Valley Machine Co., Saginaw, Mich.; F. W. Wheeler Co., West 
Bay City, Mich.; Industrial Machine Works, Bay City, Mich.; Russell & 
Co., Massillon, Ohio, and the Oswego Machine Works, Oswego, N. Y. 

From 1903 to 1906 Mr. Wood was the manager and designer of paper- 
cutting machines with the Dexter Folder Co. in their Pearl River, N. Y., 
plant. For the next three years he was associated with the Auto Refrigerat- 
ing Co., Hartford, Conn., as general foreman and shop manager, resigning 
to become general superintendent of the Tower & Lyon Co., Bloomfield, 
N. J. From 1910 to 1912 he served as general machinist with the General 
Electric Co., Harrison, N. J. Six years later he became connected with the 
Crocker-Wheeler Co., as an instructor of special mechanical workers. Later 
he founded the Wood Printing Co., Newark, N. J., of which he was general 
manager at the time of his death. 

Mr. Wood invented a number of paper-cutting and labor-saving devices. 
He was the originator of Practical Don’ts for Machinists, Draftsmen and 
Electricians and was a frequent contributor to the technical press. He 
became an associate member of the Society in 1918. 


H. §. HAINES 


H. S. Haines, member of the Society since 1893, died at his home in 
Lenox, Mass., Nov. 3, 1923. Mr. Haines was born in Nantucket, Mass., 
Novy. 21, 1836. He served an apprenticeship with the Wilmington & Man- 
chester R. R. Co., Wilmington, Del., and later obtained drawing-room 
and shop experience with the same railroad. He was engaged in civil 
engineering in railroad construction and as locomotive engineer and general 
superintendent for the N. & W. R. R. in Georgia, later serving as general 
manager and vice-president of that railroad. 

Mr. Haines was for some time engaged in consulting engineering in 
New York and for Crivelli & Co., Switzerland, and spent several years 
previous to his death in England and in Springfield, Mass. He served as 
manager of the Society from 1896 to 1899. 


LEBBEUS B. MILLER 


Lebbeus B. Miller, who was born in Union Township, N. J., August 2, 
1833, died July 23, 1923. Mr. Miller attended a private school in Elizabeth, 
N. J., and at the age of sixteen became apprenticed to E. & 8. D. Gould of 
Newark, N.J., manufacturers of light machinery. In 1861 he became 
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associated with the Manhattan Firearms Co. of Newark, and in less than 
a year was made superintendent of the branch shops in Newark. In 1863 
he was engaged by I. M. Singer & Co to design and supervise the construc- 
tion of special tools for the production of the interchar.geable parts of Singer 
sewing machines. He became superintendent of the factory of the Singer 
Mfg. Co. at Elizabeth, N. J., in 1869, and held that position until he retired 
from business in 1907. 

Mr. Miller became a member of the Society in 1883 and served as a 
manager from 1893 to 1896. He was one of the founders and was the first 
president of the Elizabeth General Hospital. 


ANTONIO C. PESSANO 


Antonio C. Pessano, chairman of the board of directors of the Great 
Lakes Engineering Works, died at the Plaza Hotel, New York City, Decem- 
ber 5, 1923. He was born in Philadelphia in 1857 and received his educa- 
tion by private instruction and at the Franklin Institute. For five years, 
terminating when he was twenty-one, he served an apprenticeship with 
Cresson and Smith. He then entered the drawing room of this company, 
working up to assistant superintendent of works. In 1884 he took full 
charge as designing and construction engineer of the George V. Cresson 
Company, later becoming vice-president and general manager of the 
company. 

His entrance into the shipbuilding business was made in 1902 when the 
Great Lakes Engineering Works was organized to take over the business 
of S. F. Hodge and Company of Detroit. Mr. Pessano became president 
and general manager of the new organization which soon became a leading 
factor in shipyard work. During the war they supplied the United States 
Shipping Board with a number of steel ships. European shipping interests, 
also, have been supplied by their shipyards at Detroit and Ashtabula. 
Since 1920 Mr. Pessano has been chairman of the board of directors of the 
reorganized company. He was a member of our Society, of the Society of 
Naval Architects and Marine Engineers, a director of the American Merchant 
Marines Association, and a member of numerous other civic and pro- 
fessional associations. 
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